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Hho | | aetna REFLECTION STUDIES OF THE CONTINENTAL SHELF AND 
SLOPE OFF SOUTHERN CALIFORNIA 


rie Polder. 
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By Davi G. Moore 
ABSTRACT 


Acoustic-reflection profiles showing the thickness of marine sediments and details of 
Jr, C.J the structure at shallow depth within underlying bedrock make available new quantita- 
: tive data for sedimentological and structural study of submerged continental margins. 
Acoustic profiles across narrow continental shelves and upper basin slopes off southern 
California show barren wave-cut rocky shelves. In other localities they show wave-cut 
| rock surfaces covered with up to 60 feet of “Recent sediment”. More complex areas have 
what is believed to be Pleistocene alluvium covering a strong reflecting surface, prob- 
ably older bedrock, with Recent sediments superimposed. A majority of the southern 
California basin slopes are believed to be dip slopes of adjacent landward structures 
ie Siegrist, shown on the recorded profiles. 

Recent sediments range widely in thickness and are generally lenticular with greatest 
accumulation on the central part or inner part of the shelf. These deposits mark our 
modern drowned shelves as areas of real or potential deposition; the body of California 
shelves, however, is made up of ancient rocks and structures modified by wave planation 
in lowered Pleistocene seas. The present depth and profile of California shelves are ves- 
tiges of the Pleistocene which have been slightly or locally modified. 

Shear-strength tests of sediment from special continental-slope cores taken off southern 
California indicate that these steep slopes are at least locally stable and that considerably 
greater thicknesses of sediment could accumulate on them. Acoustic penetration of these 
slope deposits shows they are relatively thin compared to nearby shelf deposits. These 
By Helen relatively thin but structurally stable slope deposits indicate that much of the detritus 
introduced to the continental shelf in this area may be carried diagonally across the shelf 
and trapped by canyons which act as arteries of distribution to the deep sea. 
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INTRODUCTION 


Recent development of electronic equipment 
for acoustically sounding the thickness of 
submarine sediments and profiling buried 
rock surfaces (McClure, Nelson, and Hucka- 
bay, 1958; Smith, 1958) has made important 
new quantitative data available for sedi- 
mentological problems and for studies in 
connection with the controversial problem of 
the origin of the continental shelf and slope 
(continental terrace). Low-frequency, high- 
powered, continuously recording acoustic- 
reflection equipment used by the author off 
the California coast (Fig. 1) has revealed 
considerable accumulations of late Pleistocene 
to Recent sediment in some places on both the 
continental shelf and slope and _ exposed 
Tertiary rock in others. In conjunction with 
the sediment-thickness studies, shear-strength 
studies of selected slope deposits were con- 
ducted to determine slope stabilities. These 
tests show the sediments are largely stable on 
their steep declivities. Theories of the origin 
of the continental shelf and slope are con- 
sidered in view of these data. 
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INTERPRETATION OF RECORDS 


Because bottom-penetrating echo-sounding 
equipment has been developed only recently, 
it is advisable to relate the techniques of record 
interpretation and to explain some of the 
assumptions. 

Reflections from the sea floor amplified and 
continuously recorded by this equipment are 
identical to normal echo-sounder records. 
They are simply the graphic recording of the 
time between the sending of a sound pulse from 
the ship and the receiving of its echo from the 
sea floor. The vertical scale is fixed at 200 
feet equals 10 inches, assuming a sound velocity 
of 4800 feet per second in sea water. The 
horizontal scale can be varied either by chang- 
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ing the ship’s speed or by changing the speed 
of the paper through the recorder, or both 
Most of the records used in the present studie 
were run to give a vertical exaggeration oj 
about 12.5 to 1. 

The acoustic energy reflected from the se 
floor is often great enough to bounce from the! 
sea surface to the sea floor and thence to the] 
ship, causing the multiple reflections commonly! 
encountered in conventional echo sounding of 
water depth. These multiples are easily picked| 
out by their exact doubling of bottom depths 
and relief (Pl. 1, La Jolla; Pl. 2, Goleta, Ana. 
capa Passage; Pl. 3, Palos Verdes). Similarly, 
the problem of “side echoes” and “ghost) 
echoes” exists where the equipment’s sound 
cone (approximately 30°) causes promentories 
to one side of, or ahead of, the ship to appear 
on the record above or below the real bottom! 
beneath the ship. 

The bottom-penetrating sounder adds new 
and somewhat more difficult challenges. Foy 
example, one must distinguish between rea 
subbottom reflections and multiples or sidé 
echoes. Buried bedrock reflections may fre- 
quently be verified by tracing them to an area 
of outcrop on the sea floor where the rock may 
be dredged (Pl. 1, Carlsbad). Cross traversin 
eliminates side echoes and also aids in determi; 
nation of the slope of the buried surface. Wher 
the rock is stratified and reflections are re- 
corded from bedding planes unconformable to 
the rock surface or overlying sediment, the 
stratified rock is easily identified (Pl. 2, Ana- 
capa Passage). Geologists. have verified bed- 
ding-plane reflections in many places by 
diving and inspecting outcrops. Also, records| 
showing buried structures over a large area off} 
California were compared with a confidential 
seismic map of the same area. In every case 
where the acoustic-reflection equipment showed} 
a recognizable structural axis, it was verted 
by the seismic data. 

After a subbottom echo is established as 
real, the problem is to identify the nature of 
the reflecting surface or surfaces. The following 
generalizations were established as a result of 
comparisons of recorded reflections with the 
known bottom conditions in well surveyed 
areas like the sea floor off San Diego, California 
(Emery et al., 1952), and off San Pedro, Cali- 
fornia (Moore, 1954), and over areas where 
bore-hole logs were available. 1 

Most commonly, the strongest reflectio 
are recorded from the sea floor and the surfac# 
of bedrock buried beneath relatively sof 
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FicuRE 1.—LocaTIONS OF ACOUSTIC-REFLECTION TRAVERSES OFF SOUTHERN CALIFORNIA 


Numbered traverses are illustrated in Figure 2 and Plates 1-4. 
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sediment; in some cases, they come from the 
bedding planes in contrastingly layered rocks. 
Generelly, in areas of silty-sand overburden, 
the 1. *ords show acoustically homogeneous 
sections of this material, i.e., no layering is 
present which causes reflections; only the 
water-sediment interface and the sediment- 
rock interface are recorded (Pl. 4). Occasionally, 
weaker reflections are recorded from layers 
within sediment; all of these are parallel to 
the profile of the sea floor, indicating that the 
present sea floor in these localities is a dep- 
ositional environment. Reflections of this 
type are normally from material of contrasting 
texture to the sediment mass, for example, a 
gravel layer in sand or a sandy layer in silty 
clay. These essentially acoustically homo- 
geneous sediment masses, where recorded, are 
referred to in the following discussions of 
records as “Recent sediment”. In most 
cases, the sediment surface has been sampled 
to help confirm the interpretation. It is inferred 
that the material has been deposited on the 
shelf since the last transgression. The term, 
therefore, could also signify late Pleistocene to 
Recent. 

The thickness of overburden shown by the 
acoustic-reflection records is minimal because 
the speed of sound increases with depth of 
burial. The velocity of sound within the 
sediment is close enough to that within water, 
however, to indicate approximately the right 
magnitude of thickness when read directly 
from the records (for details see Moore and 
Shumway, 1959). For estimates of rock thick- 
nesses, however, the velocity for specific rock 
types must be known. For rocks through which 
sound passes with high velocity the printed 
vertical scale may be off by a factor of two or 
more from that indicated for the water. Maxi- 
mum penetration of sound energy through the 
sea floor is a function of the absorption prop- 
erties of the sediment or rock. In general, clean 
sand is most difficult to penetrate, and silty 
clays and certain types of hard rocks are most 
easily penetrated. 

Determination of the thickness of very thin 
sediment layers or sedimentary rock strata is 
limited by the definition of the instrument, 
which varies with frequency. In general, the 
normal operating frequency range of 4 to 8 
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KC results in a definition which would permit 
a thickness of about 3 feet to be recorded, 
Most thinner sediment or rock layers would 
not be detectable on the records. 


SHELF PROFILES 
General Statement 


More than 50 acoustic profiles, plus cross 
traverses, across the relatively narrow con- 
tinental shelf and the upper part of the slope 
off several physiographic coastal types along! 
California were examined for sediment thick- 
ness and information about the structure at; 
shallow depths. These profiles show striking 
regional variations in sediment thickness and 
shelf structure, typified in the sections off 
La Jolla, Goleta Point, Anacapa, Pigeon 
Point, Carlsbad, Palos Verdes Hills, Point 
Loma, and Huntington Beach (Fig. 1 profiles 
1-8). Except for the Pigeon Point area, all these 
localities are within the southern California 
Continental Borderland province. The slopes 
referred to in the following descriptions are 
not, strictly speaking, the continental slope 
but rather are slopes beyond the shelf breaks 
leading into borderland basins and _ should, 
therefore, be thought of as basin slopes. The) 
physical processes affecting the transportation} 
and deposition of sediment on these slopes,} 
however, are similar to those of most con-| 
tinental slopes. 





La Jolla 


A seaward traverse across the shelf and| 
upper slope off La Jolla (Fig. 1A) indicates; 
that this area is nearly free of Recent sediment 
(Pl. 1). Bedrock of probable Eocene age 
(Emery, 1945) is exposed on the sea floor to 
about 244 miles offshore and to water depths 
of more than 200 feet. Between water depths 
of approximately 230 and 300 feet, the bedrock 
is covered with a section of acoustically homo-} 
geneous material believed to be Recent sedi- 
ment. This section is three-quarters of a mile 
long and is lenticular; the maximum thickness 
is about 12 to 15 feet. The remainder of the 
shelf for another half a mile out to the break 
in slope at 330 feet is essentially devoid d 











Pirate 1.—ACOUSTIC-REFLECTION PROFILES OFF LA JOLLA AND CARLSBAD 


See Figure 1 for locations of sections. Note second echo of sea floor on La Jolla traverse is simultaneous} 
recorded on 200-400-foot scale. It doubles real sea-floor reflection. 
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sediment. In the outer half of the section, 
reflections from what appear to be bedding 
planes take the form of a truncated anticline 
within the rock that makes up the body of the 
terrace. The sea floor on the uppermost 300 
feet of the basin slope is also shown in this 
‘4 section. No subbottom reflection is detectable 
‘on the steepest part of the slope (15°) just 
Hbeyond the shelf break. Where the slope 
Ebecomes less steep, however, a layer of sedi- 
Hment about 5 feet thick is indicated. The 


islope here is comparable to the dip of the 
seaward flanks of the recorded anticlinal 


: structure. 


Goleta 


Another shelf area nearly free of Recent 
{sediments is off Goleta, 185 miles northwest of 
‘La Jolla near Santa Barbara (Fig. 1B). Thick 
kelp beds (the large marine alga Macrecystis) 


| the traverse was started at a water depth of 
55 feet (Pl. 2). The record shows essentially 
"bare rock exposed over the entire shelf. The 
Histeeper inner part of the shelf profile is not 
Junderlain by any distinctly recorded structure, 
Hbut in the water-depth ranges of 190 to 300 
feet, reflections from bedding planes in sedi- 
mentary rock can be seen faintly to take the 

B | form of a truncated anticline with its axis 
Jintersecting the sea floor at about the 215- 
pot water-depth level. The rise in the profile 

of the shelf over the indicated anticline demon- 
tes the influence of structure in controlling 
outcrop pattern of rocks having variable 
hardnesses. This variation leads to differential 
‘}etosion which probably controls the shape of 
fmany shelf profiles. No bottom samples were 
en on the Goleta traverse but notations on 

§. Coast and Geodetic Survey Chart 5202 
fand personal inspection of the bottom to 
depths of 150 feet by diving in this area indi- 
‘cate that thin patchy lenses of sediment cover 
{fmuch of the rock on this shelf. The layers are 
| {probably less than 2 to 3 feet thick and do not 
how as readable layers on the acoustic- 
sounding records. Like the profile off La Jolla, 

: Goleta record clearly shows reflections 
Which indicate sediment accumulation on the 
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slope beyond the shelf break. Little or no 
sediment is evident on approximately the 
uppermost 100 feet of the slope, which appears 
to be a dip slope of the structure within the 
body of the shelf. Below this, however, de- 
posits thick enough to be recorded are ap- 
parently present. At a water depth of about 
350 feet below present sea level, sediments 
more than 40 feet thick are indicated on the 
slope. 


Anacapa Passage 


The influence of differential erosion is more 
obvious on the profile across the insular shelf 
of Anacapa Passage, between Santa Cruz and 
Anacapa islands (Fig. 1B; Pl. 2). In this 
section, the structure is a truncated syncline. 
The syncline apparently is made up of alter- 
nating hard and soft strata (probably sand- 
stone and shale). Differential erosion has 
produced a series of prominent strike ridges of 
the more resistant rock having up to 20 feet of 
relief. No sediment cover is evident on the 
flat inner-ridge terrace at the 160-foot water- 
depth level. At the change in slope toward the 
shallower end of the traverse, however, there is 
a suggestion of sediment cover which may 
obscure a more irregular topography below. 


Carlsbad 


In contrast to the shelf areas off Goleta and 
La Jolla, which have scanty sediment cover, 
the shelf off Carlsbad (Fig. 1A) has reflection 
patterns interpreted as Recent sediment with 
a thickness of more than 40 feet on the central 
part of the shelf (Pl. 1). The profile off this 
area was started at a water depth of 35 feet 
over a locality of outcropping rock which was 
dredged up and found to be semilithified, 
nonmarine material, probably Pleistocene 
alluvium. Seaward, the upper surface of the 
alluvium can be traced beneath the Recent 
sediment cover nearly to the edge of the shelf 
where the alluvium pinches out and its upper 
surface contacts an underlying surface of 
probable older rock which crops out almost at 
the shelf edge. This old rock surface is believed 
to be an earlier wave-cut surface. Layers 
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See Figure 1 for locations of sections. Goleta section has lines drawn to show recorded dip at faint re- 
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within the alluvium, probably representing 
initial dip, are inclined gently seaward and are 
truncated at the upper surface of the alluvium. 
This surface is, therefore, believed to be a 
platform of wave erosion extending from 35 to 
280 feet below sea level. If the prominent 
reflection which extends beneath the alluvium 
near the shelf edge is an older wave-cut sur- 
face, the sequence of two erosional surfaces 
buried by Recent sediments shown on this 
profile suggests that pre-Wisconsin low stands 
of the Pleistocene sea may have cut the platform 
in the older rock beneath the Pleistocene 
alluvium. The last rise in sea level would then 
have been responsible for forming the even, 
nonterraced erosional surface at the upper 
boundary of the alluvial deposits. On the 
upper basin slope, beyond the shelf break, as at 
Goleta and La Jolla, subbottom reflections 
suggest accumulations of sediment more than 
40 feet thick covering bedrock. The suggested 
sediments would be marine slope deposits if 
the shelf break represents the lowest sea-level 
stand postdating the emplacement of the 
rock forming the body of the terrace. These 
deposits thin upward toward the shelf break 
and thicken seaward as far as the profile 
extended. 


Palos Verdes 


The narrow shelf off Palos Verdes Hills 
(Fig. 1A) also appears to be an eroded rock 
platform blanketed with a thick accumulation 
of sediments. A seaward section off the central 
Palos Verdes coast (Pl. 3) shows an erosional 
platform about 220 to 290 feet below present 
sea level (assuming the subbottom scale equal 
to water-depth scale), composed of truncated, 
seaward-dipping bedrock unconformably over- 
lain by up to 50 feet of layered sediments which 
in turn are capped by a lenticular section of 
about 40 feet of homogeneous deposits. The 
truncated bedrock is probably Miocene, as are 
outcrops in the sea cliffs fronting the adjacent 
Palos Verdes Hills (Woodring, Bramlette, and 
Kew, 1946). The upper surface of the overlying 
layered deposits appears to connect with the 
sediments of the present near-shore zone, 
suggesting that the layered sediments may 
have been deposited near shore during Pleis- 
tocene transgressions following the erosion of 
bedrock below. Alternately, these may be 
drowned alluvial deposits like the outcropping 
sediments at Carlsbad. 

The lenticular section of acoustically homo- 
geneous sediment superimposed over the 
layered sediments is believed to be composed of 
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Recent shelf deposits of silty-sand to sand-lyerdes 
silt-clay texture which have been laid down|point Li 
since the sea rose approximately to its present|.pows a 
level after the end of Wisconsin time. Because | mentary 
of compaction and probable reduced porosity nearby s 
in the lower part of these sediments, the| nich te 
velocity of sound is likely to be greater than|;, 4 sha 
it is in the surface layers. This results in the jstarting 
thickness recorded by acoustic penetration |pelow sea 
being a minimum, as the instrument scale i$ broad, d 
set for a velocity of 4800 ft./sec., near that of |i, most 
water or low-velocity, high-porosity sediments |) ter pe 
(Hamilton et al., 1956). Assuming a 40-foot gently si 
thickness of Recent sediment on the central \sediment 
shelf as a conservative figure and about 8000/4 qj 19, 
years (Curray, 1960) as the time at which the| pow to | 
Holocene transgression reached roughly thelipins to 
present sea level, the rate of accumulation of|.44 thin 
sediment at this locality, at Carlsbad, and at edge of 
other similar areas in which shelf sedimentation |, 7. esse1 
was comparable has been on the order of 0.06|ounder ; 
inch per year. This rate and the estimated rate) shel; 
of deposition in the basins off the southern} jnitar tc 
California coast can be compared. Revelle and lexcept 
Shepard (1939) have calculated the rate in flanking 
the most rapidly filling basins closest to shore joc. Ay 
to be 0.02 inch per year. This was admittedly pave pe. 
only a rough approximation but is considered during tl 
to be of the right order of magnitude. These by the s 
figures indicate that the rate of accumulation |, early 
of sediment on this shelf might have been more! ya, sty¢ 
than double that in the adjacent basins. 'hottom-p 
The steep basin slope fronting the shelf off 1957), a 
Palos Verdes Hills has been studied in detail typical 
by Emery and Terry (1956) by conventional Loma, h 
sounding and sampling techniques. Gravity rock like 
cores taken during their investigations pene-|pyt hay 
trated up to 18 feet on the slope. The decrease tridges. 
in grain size seaward indicated a normal ‘shape nl 
continuous deposition. The present study sogional 
essentially corroborated this information. 
Sections of acoustic penetration show that 
approximately the uppermost hundred feet, 
which is the steepest part of the slope, has 
thin cover, or no cover, in most places. Farther\ North, 
down the slope, however, there are local|peach 
accumulations 20-30 feet thick. The upper sows th 
basin slope here, as at other localities along joig anc 
southern California, is of the same inclination through 
as the seaward-dipping bedding planes within y,. jot 
the body of the shelf, suggesting that the lying be 








again, ap 


upper basin slope may be a dip slope. \shelf, wh 
recorded 

Point Loma therefore 

thick in 


Many of the shelf crossings with the bottom-|tra verse 
penetrating echo sounder showed a simpletiang and 
section than those off Carlsbad and Palos charge in 





sand-|Verdes Hills. For example, the profile off 
down|point Loma in San Diego (Fig. 1A; Pl. 4) 
resent |-hows a shallow platform of exposed sedi- 
"Cause Imentary rock of Cretaceous age like that in the 
TOsity Inearby sea cliffs (Hertlein and Grant, 1944) 
s, the|which terminates at a water depth of 65 feet 
‘than lin a sharp drop. At the base of this drop, 
in the/,tarting at a water depth of about 150 feet 
ration |yelow sea level, is the inner part of the relatively 
“ale is }road, drowned platform of erosion common 
hat Ol ito most California shelves. The broader, 
ments outer portion of the platform slopes more 
0-foot gently seaward than the inner part. Recent 
entral sediments cover much of the shelf (Emery 
- 8000 i-4 aj., 1952) in what the subbottom reflections 
ch the |chow to be a typical lens-shaped section which 
y the|thins to negligible cover near the shelf break 
ion Ol/and thins to a lesser extent toward the inner 
nd atledge of the platform. The Recent sediments 
tation |sre essentially homogeneous to the acoustic 
f 0.06|.ounder and are believed to be typical sandy- 
drate/iit shelf sediments. No layered sediments 
ithern| imilar to the alluvium off Carlsbad are present 
le and)except near the base of the steep declivity 
ite Mfanking the shallow platform of Cretaceous 
shore rock. Apparently any alluvium which may 
ttedly have been deposited over most of the shelf 
idered during the last lowered sea level was removed 
€S€'by the surf of the advancing late Pleistocene 
lation ty early Recent sea. The area off Point Loma 
‘More 'was studied in considerable detail with the 
‘bottom-penetrating echo sounder (Moore, 

elf off 1957), and the profile illustrated herein is 
detail typical of the area. Some sections off Point 
tional Loma, however, showed projecting ridges of 
ravity rock like those of the Anacapa Passage (Pl. 2) 
pene-'but having sedimentary fill between the 
Crease ‘ridges. The profile here figured shows the 
ormal ‘shape of the normal, uncomplicated major 
study erosional platform. The upper basin slope here, 


ation. asain, appears to be a dip slope. 
that 


feet, 
», has 
urther| Northwest of Point Loma off Huntington 
local | Beach, a section across the shelf and slope 
UpPel shows thick sediments on the outer part of the 
along shelf and on the slope (Fig. 1A). Penetration 
ation through what appear to be Recent sediments 
vithiN was not sufficiently great to show the under- 
t the lying bedrock except near the edge of the 
‘shelf, where about 50 feet of overburden was 
recorded (Pl. 3). Sediment on the outer shelf, 
therefore, is assumed to be at least 50 feet 
thick in this area and probably more. This 
ttom-| traverse lies about midway between the Santa 
mplet}Ana and the San Gabriel rivers which dis- 
Palos charge into the sea about 5 miles to the south- 








Huntington Beach 
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east and northwest respectively. The inner 
part of this traverse (not shown in Pl. 3) shows 
thinly covered to exposed bedrock. Samples of 
poorly cemented, friable sandstone from some 
of these exposures are believed to be Pleis- 
tocene. Of considerable interest on this trav- 
erse is the fact that the sediment cover of 
about 50 feet continues over the 150-foot 
break in slope and down the face of the slope. 
The break in slope is shallower here than 
elsewhere because the profile extends into the 
upper part of a sea valley. Bedding surfaces in 
the sediments (probably layers of coarse sand 
or gravel) bend down at the shelf break and 
continue down the slope. The upper slope here 
is about 6°, less than the normal steep upper 
slopes investigated. 


Pigeon Point 


The shelf off Pigeon Point, about 50 miles 
south of San Francisco (Fig. iC), was studied 
by Moore and Shumway (1959) utilizing 
acoustic-reflection equipment and conventional 
sampling techniques for sediment studies. The 
entire profile of this shelf was not obtained on 
any one traverse, but a composite profile was 
constructed (Fig. 2) from data gained through 
five traverses across different parts of the area. 
The profile of the sea floor off Pigeon Point is a 
smooth, nearly flat surface from the center of 
the shelf out to the shelf break at 375 feet. 
From the central part to the inner part of the 
shelf the gradient is steeper, and an apparent 
terrace is present from the 70-foot level to the 
near-shore zone. 

Beneath this smooth, simple shelf surface 
are two, and possibly three, terraces which 
appear to be wave-planed bedrock surfaces. 
Two lenses of sediment have filled the lows 
and smoothed over the terraced surfaces. The 
bedrock is of unknown age, but near the central 
part of the shelf, the outer part of the middle 
terrace is exposed at the surface, and fine- 
grained, well-indurated, calcareous sandstone 
of probable pre-Pleistocene age was dredged 
up. Possibly the outer, deeply buried terrace, 
not found on any of the southern California 
shelves, was cut back as far as the base of the 
midterrace during early or mid-Pleistocene 
glacial times by wave planation and subse- 
quently thickly covered with sediment after a 
rapid interglacial sea level rise left a deeply 
drowned shelf. During the last Pleistocene 
glacial period, the present surface of the outer 
shelf was formed by waves in the surf zone 
cutting through these shelf sediments. As sea 
level began to rise, the gradient of the wave- 
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planed surface increased, and the waves cut 
into bedrock at the upper edge of the older 
terrace and formed the present inner shelf and 
the midterrace. If this is correct, the only 
Recent sediments on the shelf are those which 
cover the inner shelf, and the surficial outer- 
shelf deposits are reworked from the Pleis- 
tocene sediments. 

It is not improbable that the land subsided 
between the earlier glacial times and the 
Wisconsin glacial period and that the older 
terrace was thus preserved. In the southern 
California region, uplift has been the rule with 
the result that, in general, the older submarine 
terraces have been destroyed by wave pla- 
nation or uplifted to form subareal terraces. 


SHEAR-STRENGTH MEASUREMENTS OF 
SLOPE SEDIMENTS 





Slumping and sliding of submarine Recent 
sediments has been a popular topic in the 
geologic literature for many years. Most 
discussions of these interesting phenomena, 
however, have been largely speculation; even 
contemporary marine geologists have usualiy 
confined their observations to the effects 
rather than the causes of mass movements in 
marine sediments. Soil-mechanics engineers, 
faced with the reality of damaging landslides, 
have developed methods for measuring the 
strength of sediments and utilizing these data 
ito predict earth movements. Their methods 
can be used fruitfully by marine geologists. 

Taylor (1948) developed the theory for the 
stability of undrained soils on infinite slopes, 
the case most applicable to the study of marine, 
continental-slope deposits. This theory, coupled 
with shear-strength tests of the sediments and 
measurements of their thickness and the 
sope of their plane of deposition, allows 
quantitative determination of the stability of 
submarine sedimentary slopes. Figure 3 shows 
the components of shear strength in sediments. 
| The commonly used expression for the force 
necessary to overcome all resistance to shear 
within a sediment, both cohesive and frictional, 
is: 


s=c+otan@d 


where ¢ is cohesion, o is the direct pressure on 
the plane of shear, and ¢ is the angle of internal 
friction. 

Cohesion within a sediment is that portion 
of the shear strength resulting from intrinsic 
pressure generated by intergranular and 
intermolecular bonding and is a characteristic 
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of fine silts and clays. The angle of internal 
friction of a granular sediment is a measure of 
the magnitude of intergranular rolling and 
sliding friction and the interlocking of grains. 
The effective cohesion and effective internal- 
friction angle of an undisturbed sediment 
sample of natural water content may be 
determined by plotting the results of a series 
of unconsolidated, drained, direct shear tests 
in which the direct pressure is the only variable. 
Points 1-3 on Figure 3 are examples of this 
type of plot. The line BCE joining or best 
fitting these points is the strength envelope of 
the sediment under all conditions of direct and 
shear stress. For example, the shearing strength 
(r) is DC when the direct stress is OD. Figure 
3 also illustrates Taylor’s theory for the 
stability of soils on infinite slopes. In an 
infinite submarine slope (7), the pressure on a 
plane parallel to the surface and at a given 
depth below the surface is equal to the product 
of the submerged sediment density, the depth, 
and the cosine of the slope (2). This stress is 
represented by OA. The direct stress or over- 
burden stress on this plane is shown by OD 
and the shearing stress by DA. At this given 
depth, the shearing strength DC is greater than 
the shearing stress DA, and there is no danger 
of failure. At a critical depth, however, the 
shearing stress is equal to the shearing strength, 
and failure is incipient. This condition is 
represented by FE. If the angle z is less than 
angle ¢, the projections of BC and OA will not 
intersect; shearing stress will always be less 
than shearing strength, and no failure from 
loading by overburden can occur on planes 
parallel to the surface. 

Table 1 lists data from a series of direct 
shear measurements on sediments collected 
off Southern California. The slope of the sea 
floor at each locality and some physical prop- 
erties of the sediment are also given. Most of 
the sediments measured are quite stable even 
on the steepest slopes and, significantly, would 
be stable on slopes steeper than those normally 
occurring on the continental slope. These 
results are confirmed by many “vane-shear” 
tests on cores from similar localities. (Details 
of these tests will be published as a separate 
article.) 

These shear tests off southern California, 
although probably definitive for this area, do 
not preclude the possibility of unstable slope 
deposits in other regions. It is not unlikely that 
in regions of fine-clay deposition on the slope, 
there would be sediments with low internal- 
friction angles and, therefore, by Taylor’s 
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theory, discrete limits to their thickness of 
accumulation. Other possibilities of slope 
failure, notably, in possible regions of co- 
hesionless fine-sand to medium-silt deposition, 








D. G. MOORE—ACOUSTIC-REFLECTION STUDIES, CALIFORNIA COAST 





movement and a temporary loss of bearing 
strength. Sediments collected on the Californiy 
continental slope possess significant cohesion 
and have not shown this metastability. 
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FicurE 3.—COMPONENTS OF SHEAR STRENGTH IN SEDIMENTS AND TAYLOR’S (1948) THEORY OF 











STABILITY OF COHESIVE INFINITE SLOPES 


A limited thickness of sediment (H-F) exists within which there is stability in a clay slope when the 
slope angle (7) is greater than the effective friction angle (¢). 





TABLE 1.—SHEAR-STRENGTH DATA FOR SEDIMENTS OFF CALIFORNIA 











Sample Locality 

AHF 4740 Slope off Palos Verdes Hills 

CB10a Slope into Loma Sea Valley northwest 
of Pt. Loma 

SD 3-7-58 Slope into Loma Sea Valley northwest 
of Point Loma 

SD 2-7-58 Slope into Loma Sea Valley northwest 
of Point Loma 

SD 1-7-58 Slope into San Diego Trough south- 
west of Point Loma 








* Md = median diameter of mineral or rock grains 


are discussed by Terzaghi (1957). He believes 
that sediments of these sizes are commonly 
deposited in a “metastable” condition: they 
are very loosely packed and are subject to 
liquification by jarring action such as an 
earthquake. As the loosely packed sediments 
are jarred, they settle into denser packing and 
during this settling are essentially a suspension. 
Jarring and settling result in a net down-slope 




















Shear Strength - e | 
Depth | Slope ¢|________| pict | Foros-| sage 
fms deg ¢ C. gmat pay 2 oe mm 
deg cm? 
247 6:5 | :30:| 11,23 |: ¥.80:1 63:1 0.0192 | 
70 5.0 | 40 | 15.02 | 1.64 | 62.2 | 0.0340 
4 
101 3:3 |} 24} 31.5 1.76 | 54.4 0.0385 | 
210 3.8 | 34 | 28.0 1.56 | 66.5 | 0.0092 
500 | 14.2 | 24 | 25.9 | 1.48 | 71.8 | 0.0058 | 
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SIGNIFICANCE OF NEW DATA 
General Statement 


Data from the present studies are most) 
significant when compared to the key points d 
disagreement among the principal theories of 
continental terrace (continental-shelf and 
-slope) development. 
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The prevailing theory of the origin of the 


‘|continental terrace until 10 years ago, and one 
‘which is still popular, is based on the concept 
lof wave base (thoroughly discussed and dis- 


carded as a useful geological concept by 
Dietz and Menard, 1951). According to the 


\classic idea of wave base, beyond a certain 
»|depth, generally believed to be about 600 feet, 
‘|sedimentary particles once deposited would 
‘not be removed. The wave-base concept led 





to the theory of a continental terrace composed 
of foreset continental-slope beds which were 


\prograded seaward to form the present shelf 
jand slope. The worldwide relatively uniform 


depth of the abrupt change in slope at the 
outer edge of the continental shelf was 
attributed to the inability of marine agencies 
to transport sediment beyond this depth. 
According to this theory the bulk of sedi- 
mentation takes place on the slope and only 
thin “topset” shelf beds and “bottomset”’ 
abyssal deposits are formed (Daly, 1942; 
Rich, 1950). During the past decade, this 
depositional theory of continental-shelf and 
slope development has been the subject of 
considerable criticism. Most contemporary 
marine geologists agree that the early idea of 
wave base is inconsistent with recently dis- 
covered deep currents. 

Shepard (1941) demonstrated that rock 
jcrops out in many places on the sea floor on 
ithe outer shelves and used this evidence of 
inondepositional environments to oppose the 
lidea of a simple sedimentary origin. Stetson 
(1949) believed that nondeposition on the 
shelves can occur over sandy bottom as well as 
on rock. He suggested that the present east- 
coast shelf of the United States is a wave- 
built terrace, the upper surface of which is now 
a nondepositional environment, and _ that 
sediment is transported across the shelf and 
|deposited on the slope. 
| Kuenen (1950) also retained the theory of a 
lprograding sedimentary terrace rather than 
an erosional shelf. Like Stetson, he postulated 
that most sediment by-passed the shelf except 
lin the case of subsidence. Subsidence, he 
ibelieved, results from isostatic adjustments 
lowing to an initial load in the form of foreset 
slope beds and, later, the added load of the 
|Shelf sediments. 
| Dietz (1952) theorized that little or no 
\permanent deposition takes place on the open 
continental shelf or slope and that the slope is 
ieroded back like a mountain front by turbidity 
currents and other sapping processes. Dietz 


| 


| 
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stated that sediments in the form of estuarine 
and lagoonal deposits, rather than open-shelf 
sediments, are incorporated into the terrace 
through prograding of the shore line and 
subsidence of the terrace as a result of the load 
of sediment accumulating as an apron at the 
base of the slope (the continental rise). 

Dietz and Menard (1951) suggested that the 
present shelf surface was predominantly wave- 
cut across pre-existing sediments or rock by 
wave action in the surf zone, the outer part of 
the sheif being related to glacially lowered sea 
level in the Pleistocene. 

In contrast to Dietz and Menard, Russell 
(1958, p. 3) stated that “...there appears to 
be overwhelming evidence against erosional 
origin for continental shelves generally”. He 
also believed that the outer margin of a con- 
tinental shelf is not related to wave erosion and 
that the shelf break is not a good criterion for 
estimating the level of pre-Recent seas, be- 
cause shelves have been subject to warping, 
faulting, and, most importantly, to shoaling 
as a result of Recent deposition. Russell also 
believed that in most cases the level of lowered 
Pleistocene seas was considerably below the 
level of existing shelves. 

Shepard (1948) presents good evidence for 
a fault origin for some continental slopes and 
lists ways in which the shelves may have been 
formed, including wave cutting, sedimentation, 
downwarping, and filling of troughs between 
the mainland and offshore chains of islands. 
Heezen, Tharp, and Ewing (1959, p. 41-51) 
have drawn connecting lines on maps from 
stratigraphic discontinuities in northeast United 
States coastal test wells to topographic benches 
on the continental slope. They interpret 
the striking correlations as evidence that the 
body of the continental terrace, in that area, 
is composed of ancient rocks and not a vast 
sediment wedge as suggested by Stetson and 
others. 

In summary, marine geologists are not in 
complete agreement as to the origin of the 
continental shelf and slope. The key points of 
disagreement appear to be related to (1) 
the structure of the body of the terrace; (2) 
the existence of a platform of erosion; (3) the 
accumulation of modern sediments on the 
shelf; and (4) the accumulation of stable 
sedimentary deposits on the continental slope. 


Structure of the Body of the Terrace 


Much of the body of the continental terrace 
off California can be readily identified as 
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Tertiary folded, faulted, or tilted sedimentary 
rock from the acoustic surveys and the ages of 
outcropping rocks on the sea floor (Emery, 
1945) and onshore nearby. Local occurrences of 
volcanic and metamorphic rocks are also 
shown, particularly in the insular terraces of 
the channel islands. These rocks, composing the 
body of the terrace, are commonly in un- 
conformable contact with overlying nonlithi- 
fied Quaternary deposits of variable thickness 
and extent. Reflections from bedding planes 
within the outer part of the body of the shelf 
indicate that many of the basin slopes off 
southern California are essentially dip slopes. 
Although the structure of the terrace body off 
the California coast cannot be considered 
typical, the existence of these ancient and, in 
most cases, contorted sedimentary rocks 
demonstrates that in this region tectonics has 
played an important part in the evolution of 
the present inundated areas of the continental 
margins. 


Existence of a Platform of Erosion 


The continental terrace off California is 
commonly composed of folded or tilted strata; 
thus the region is well suited for detection of 
erosional platforms. In areas of horizontal or 
nearly horizontal strata in the body of the 
terrace, the detection would be more difficult 
and less convincing. Off California, the most 
striking feature shown by the acoustic sur- 
veying is the prevalence of a gently concave 
upward erosional platform generally situated 
between about 120 and 300 feet below present 
sea level. A shallower platform with its outer 
edge near the 40- to 60-foot depth level is also 
commonly present and separated from the 
deeper surface by a break in the slope. 

Using extensive coverage with conventional 
sounding equipment, Emery (1958) was able 
to show the existence of five probable terrace 
levels off southern California (terrace level as 
used by Emery is essentially a notch or break 
in the profile of the continental shelf or slope). 
He concluded that these were probably of 
erosional origin and were cut during successive 
rises in the level of the last transgressive sea 
of late Pleistocene time. This is in agreement, 
essentially, with the Dietz and Menard theory 
on the origin of the continental-shelf break in 
slope. Emery differs, however, in his belief 
that the total shelf width is the result of the 
sum total of erosion during all the glacial 
regressions. Acoustic soundings showing 
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multiple erosional levels, like those at Carlsba¢ 
and possibly Palos Verdes, suggest that Emery 
is correct in the theory of the sum total oj 
shelf-cutting during lowered Pleistocene sea 
levels but that repeated lowerings can be 
effective only in broadening the terrace in a 
stable area. Tectonic changes in the level of 
the land present a new level for erosion at each 
eustatic change rather than allowing repeated 
broadening of a general erosional platform. 
Wide shelves should, therefore, characterize 
stable regions and narrow shelves unstable 
ones. The generally smooth wave-planed rock 
surfaces shown by the present profiles also 
suggest that the last transgression erased older 
notches rather than formed new small notches 
in the shelf profile, and that pauses or reversals! 


in the sea-level rise must have been of short 


durations. 

The details of the erosional surfaces, whether 
predominantly single broad cuts or a series of 
notches, are not yet fully determined because 
of structural complications and, in places, the 
existence of thick deposits of difficult-to- 
penetrate overburden. Preliminary work, 
however, indicates that Emery’s third and 
fourth terraces may be irregularities caused by 
structural control of wave erosion and _ by 
lens-shaped sediment bodies on the shelf. 
His first and second terraces are probably! 
equivalent to the shallow platforms noted in 
many of the acoustic profiles. 





Accumulation of Recent Sediments on 
the Continental Shelf 


Perhaps the single most valuable use of 
acoustic penetration of the sea floor is the 
determination of thickness of nonlithified 
deposits on the present shelves in areas where 
buried Pleistocene erosional platforms can be 
detected. Most of the profiles recorded off 
the California coast clearly show these de- 
posits; their most significant feature is vari- 
ability in thickness and extent over relatively 
small geographical areas. Within only a few 
miles, the maximum accumulation may range 
from less than 5 feet to as much as 60 feet. 
Normally, the Recent sediment deposits are 
lenticular in section with the maximum ac- 
cumulation on the central part of the shelf. 
The shoreward and seaward margins of the 
typical Recent shelf deposit thin appreciably, 
and some pinch out entirely leaving exposed 
bedrock or coarse Pleistocene deposits ex- 
posed on the outer part of the shelf and in the 
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near-shore zone around 10 fathoms. Not 
uncommonly, off coasts with prominent beaches 
and abundant sand supply, another narrower 
wedge possibly several tens of feet thick of 
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The maximum sediment thickness is found, 
generally, on the central part of the shelf 
probably as the result of the balance between 
rate of deposition and rate of removal. The 
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RECENT PLEISTOCENE OLDER 
SEDIMENT SANDS & ROCK 
GRAVELS 


FiGuRE 4.—CoOMBINATIONS OF OUTCROPPING SEDIMENT AND Rock WuicH RESULT 
FROM PINCHING OUT OF LENTICULAR SHELF DEPOSITS 
Coarse Pleistocene sand may be exposed on outer part of the shelf whereas Recent normally graded silty 
sands cover the inner and central parts of the shelf. 
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line to depths of from 5 to 10 fathoms. This 
sand wedge locally extends beneath finer shelf 
sediment. From areal studies of sediment 
distribution, Emery (1952) classified most 
occurrences of sediments that are coarser with 
depth and distance from shore as either relict 
deposits or residual deposits of earlier de- 
positional cycles. The lens-shaped section of 
most of the modern shelf deposits surveyed 
explains the mechanism of these occurrences 
even on a flat unbroken shelf and may account 
for relatively coarse materials found near the 
edge of many continental shelves around the 
world. Figure 4 shows some of the simple 
combinations of outcropping sediment and 
rock which result from pinching out of shelf 
deposits. Off southern California, outcrop 
patterns of relict or residual sediments and 
rock are commonly complicated by structurally 
controlled topographic highs which result in a 
series of sediment lenses and their marginal 


older deposits. 


inner half of the shelf is nearer to the supply 
of clastic sediments introduced by rivers and 
coastal erosion but is also more subject to 
resuspension during periods of long wave- 
length swell. The outer part of the shelf, on the 
other hand, is farther from the supply of 
sediments and may be more affected by wave 
energy expended at the break in slope than the 
central part of the shelf (Kuenen, 1939). On 
very wide shelves, the locus of maximum 
accumulation is probably relatively nearer to 
shore than on narrow shelves. This is suggested 
by variations on the California shelves, al- 
though all are relatively narrow. 

It is apparent that the accumulation of 
modern sediments on the shelf is strongly 
influenced by local conditions of sediment 
supply and intensity of processes of suspension 
and transportation. Variability in rate of 
accumulation is not restricted to the California 
coast. This is demonstrated by the extreme 
conditions off the northern Gulf coast of the 
United States. Russell (1958) points out that 








1134 


to the east and west of the lower Mississippi 
delta, the base of the Recent is as much as 550 
feet below the present sea floor. He concludes 
that the outer margin of a continental shelf is 
unrelated to wave erosion. His conclusion is at 
most only locally valid, as shown by the fact 
that about 250 miles to the west, off the 
Texas-Louisiana boundary, Curray (1960) 
has shown that early Recent basal transgressive 
deposits are exposed on the outer shelf. Lud- 
wick and Walton (1957) made detailed studies 
of shelf-edge calcareous prominences about 70 
miles to the east of the delta front. They 
concluded that these prominences had a reef 
origin at a time of lowered sea level, that the 
reefs are now essentially dead, and that ter- 
rigenous sedimentation in the area has been 
negligible since the major period of reef growth. 
Further evidence against Russell’s general 
conclusion is that most of the thick, Recent 
sediment units on the narrow California 
shelves are lenticular, so that even in cases 
where 50 to 60 feet of sediment has accumulated 
on the central part of the shelf, the break in 
slope has generally been only slightly modified 
in depth by sedimentation. With these known 
variables, it would appear that the presence of 
thick, Recent sediments or the complete lack 
of Recent sediments should be utilized for 
forming regional rather than worldwide hypoth- 
eses. 


Accumulation of Stable Sedimentary Deposits 
on the Continental Slope 


Critical to the controversy on the origin of 
the continental terrace is the accumulation of 
sediment on the upper part of the slope. It is 
widely believed that the slope is a region of 
maximum sedimentation and that little recent 
deposition has taken place on the shelf. Dietz 
(1952), however, believed that not only the 
shelf but the slope are areas of nondeposition 
and that the slope in its early stages of develop- 
ment is a surface of erosion. Neither of these 
two opposing ideas is wholly substantiated by 
studies with the bottom-penetrating echo 
sounder. Instead, areas of relatively rapid 
deposition were found on the shelf and, as 
discussed in the last section, other areas were 
found with little or no modern deposition. 
Dietz’s erosional-slope theory notwithstanding, 
the young slope off California has deposits 
several tens of feet thick on a majority of the 
surveyed profiles, and these have been measured 
locally and found to be stable. These slope 
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deposits, however, are definitely not the foreset 
beds pictured by Daly (1942) and others who 
follow the idea of a terrace built by prograding 
slope deposits. They appear to be, rather, the 
result of normal deposition from suspension, 
becoming finer with depth and distance from 
shore (Emery and Terry, 1956), and, like the 
contemporary shelf sediments, thinning toward 
the rock-supported break in slope. 

Several investigators have suggested slump- | 
ing on parts of the continental shelves as an| 
explanation for various features found in deep | 
slope and basin sediments, and this cannot be 
dismissed as unimportant on the basis of the 
few measurements of this study. Theoretically, 
there is no reason why, in certain regions of 
fine-clastic slope deposition, unstable sediments 
should not be expected to slump occasionally 
and thereby start turbidity currents. It is 
reasonable to believe that on a mature shelf, 
fronting a continually eroding land mass, the 
grain size of materials being deposited on the 
slope might decrease with time. This could 
lead to changes in the strength of the sediments, 
as from stable deposits with considerable 
internal friction to essentially cohesive deposits 
having a low angle of internal friction and which 
would be periodically subject to natural slump. 
Clearly, more studies of the strength properties | 
of marine sedimentary deposits are needed. 

One paradox disclosed by the combination of 
acoustic sediment sounding and shear-strength 
studies is the relatively small amount of sedi- 
ment accumulated on many of the slopes 
compared to the amounts found on several 
continental-shelf areas. Sediment has been | 
accumulating on the shelves only during the | 
last 5000 to 10,000 years, whereas the slope has 
been exposed to sedimentation in most cases 
for much greater periods of time. If stable slope 
deposits are accumulating, as is indicated by 
shear-strength tests, why are many of these 
same slope deposits so relatively thin? One 
answer may be that most of the sediment 
introduced to the shelf is carried diagonally 
across the shelf rather than straight seaward. 
Oceanic and tidal currents along most coasts 
have their major component approximately 
parallel to the coast line, so that sediment put | 
into suspension by wave action might be ex- 
pected to travel for considerable distances | 
along the coast before actually reaching the 
shelf edge. If these along-the-coast trajectories 
for sedimentary particles are real, canyons and 
valleys which cut the shelf and upper slope 
would act as natural sediment traps, and | 
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accumulation at these barriers would be very 
great. Thus the seaward transportation of shelf 
sediment would be concentrated in the canyon 
areas, and the amount of material reaching the 
slope would be reduced to a considerable degree 
which would vary according to the width of the 
shelf, the magnitude of the longshore com- 
ponent of sediment trajectories, and the number 
of canyons cutting the shelf in a given distance. 
Recent studies by Menard (1960) give some 
authority to this theory of diagonal sediment 
trajectories. On the basis of detailed bathy- 
metric studies of the apron of sediment at the 
base of several submarine canyons, Menard 
has concluded that the volume of sediment is 
much greater than that which has been removed 
to form the canyon. Some of this difference 
could be accounted for, in canyons which have 
their heads near shore, by the introduction of 
sand carried by longshore currents in the surf 
zone (Shepard, 1951). The diagonal or parallel- 
to-shore drift of open-shelf sediment might 
account for much of the bulk of the finer-sized 
apron deposits. 

If the canyons which cut California con- 
tinental shelves act as major distributors of 
terrigenous detrital material introduced to the 
sea, then the relatively slow sedimentation 
taking place on the intercanyon slopes should 
result in uniform normal deposits grading into 
finer sizes seaward and containing no coarse 
layers. Slumps might be common on the steep 
canyon walls, resulting in turbidity currents 
and possible erosion. 


CONCLUSIONS 


Studies of structure at shallow depths within 
the continental shelf and upper slope together 
with shear-strength tests of slope deposits 
indicate that most theories of the origin of the 
continental terrace are overly generalized. 
Recent shelf deposits, as defined by acoustic- 
reflection studies, occur on most of the shelves 
studied. Their thickness varies greatly, and 
their shapes are generally lenticular with 
greatest accumulation on the central part or 
inner part of the shelf. These deposits mark the 
modern drowned shelves as areas of real or 
potential deposition. Locally thick shelf de- 
posits cannot, on the other hand, hide the 
significant fact that the body of California 
shelves is composed of a variety of ancient 
rocks and structures, all of which have been 
modified by wave planation during glacially 
lowered sea level. As suggested by Dietz and 
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Menard (1951), the present shelf depth and 
profile is a vestige of Pleistocene times and has 
been in general slightly or locally modified. 

The structure of stratified rock within the 
body of the shelf appears to influence the 
profile of the shelf by controlling the outcrop 
pattern of rocks of differing hardness. This, 
in turn, is the basis for profile irregularities as a 
result of differential erosion. Structure within 
the shelf body further controls the profile of 
the basin slope in many localities where the 
basin slopes appear to be dip slopes of the 
landward structures. 

Stable deposition on the steep basin slopes 
off southern California is, at least locally, a 
reality which does not support this environ- 
ment as being primarily one of transportation 
or erosion. The thickness and shape of the slope 
deposits do not, however, suggest that they 
might form a vast prograding sedimentary 
terrace. The combination of relatively thin, but 
stable, slope deposits indicates that off the 
California coast, much of the detritus intro- 
duced to the continental shelves does not find 
its way to the slope but may be carried di- 
agonally across the shelf and, to a significant 
extent, be trapped by canyons incised into the 
shelves which act as arteries of distribution to 
the deep sea. 
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logy: 

ysio- ABSTRACT 
oast: 
86 The Morrison, Cloverly, and Sykes Mountain formations are the uppermost Jurassic 
~~. and lowermost Cretaceous sedimentary rocks in the northern Bighorn Basin, Wyoming 
ane and Montana. Similar formations were deposited contemporaneously throughout most 
gists of the Western Interior. 

Most studies of nonmarine rocks have been in localities of more rapid sedimentation, 
veys | whereas the rocks of this study accumulated slowly, under virtually atectonic conditions. 
low The Morrison formation of the Bighorn Basin, as here restricted, includes the earliest- 
), p. formed nonmarine sedimentary rocks of this sequence, conformably overlying the marine 

, Sundance formation. The rocks are interlensed calcareous quartz sandstones, green mud- 
cng stones and shales, and subordinate limestones, with locally conspicuous red-banded mud- 
ete stones. 
nde Overlying the Morrison formation, generally with conformity, is the Cloverly forma- 
ano- tion, as redefined in this report. The lowest of its three members, here named the Little 

Sheep mudstone members, consists chiefly of bentonitic (montmorillonitic) mudstones 
me- in variegated shades of neutral gray, purple, olive, and dusky to pale red. Other typical 
ons, lithologies include bentonites, cherts, coaly beds, calcareous nodules, and chert-pebble 
conglomeratic sandstones. The Pryor conglomerate member in the northernmost Bighorn 
ape Basin is characterized by black-chert pebbles and rests unconformably on the Morrison 
0 p formation. Its beds are the stratigraphic equivalent of the mid-Little Sheep conglomeratic 

W. sandstones farther south. The upper member of the Cloverly formation, here named the 
alos Himes member, comprises three principal lithologies. Commonly at its base is olive-gray 
vey and reddish-brown clay-matrixed salt-and-pepper sandstone. Most of the member is 


variegated reddish- and yellowish-brown and gray kaolinitic claystone and mudstone, 
containing veinlets and hardpans of iron oxides. Clean quartz sandstones which filled 
sta fluvial channels are laced through the claystones. 

Disconformably overlying the Himes member are sandstones and thinly interbedded, 
rusty-brown-weathering siltstones, dark shales, and ironstones, here named the Sykes 
Mountain formation. The Sykes Mountain formation grades into the overlying marine 
Thermopolis shale. 

Distinction of stratigraphic units on a lithogenetic basis is believed to eliminate the 
confusion which existed in previous nomenclature of this sequence. 

Characteristic primary and secondary structures, clay, accessory, and authigenic 
minerals, and gross stratigraphic distribution aided the interpretation of the origin and 
history of these deposits. The Morrison formation accumulated in fluvial, lacustrine, and 
flood-plain environments from detritus derived chiefly from erosion of sedimentary rocks 
west of the present Bighorn Basin. The Little Sheep mudstone member and most of the 
Himes member of the Cloverly formation probably were formed authigenically in seasonal 
lakes and swamps from weathering of volcanic debris, with their different lithologies due 
to different drainage conditions and parent ash. The Pryor conglomerate member of the 
Cloverly formation and lenses of similar conglomeratic sandstones in the Little Sheep 
member were derived from reworked sedimentary rocks west of the depositional area. 
Channel-filling clean quartz sandstones of the Himes member were derived from an 
eastern sedimentary, and perhaps metamorphic, terrain. Thinly interbedded sandstones 
and shales of the Sykes Mountain formation are tidal-flat and other shallow-water beds 
deposited at the periphery of the transgressing Early Cretaceous sea. 

Slow deposition of these well-sorted and mature detrital sediments and close adjust- 
ment of authigenic minerals to prevailing environments depended largely on the stable 
tectonic conditions. During Cloverly time, very little aggradation except of volcanic 
debris took place, so that soils were formed and preserved. 


1137 


THE 











1138 RALPH MOBERLY, JR.—SEDIMENTARY FORMATIONS, BIGHORN BASIN 
CONTENTS 
TEXT ILLUSTRATIONS 
ia Figure Page 
’ cd Ug Sr go nee ges Reap. Soe ae nea 1139 
Introduction. ..........--+.+.0eseeeeeeees 1138 2. Interpretations of uppermost Jurassic and 
NPR MITIEIONE 5.4. o2-!a)s wisi od ows oes 1138 lowermost Cretaceous stratigraphy in 
ee ee a ee aE re 1138 Bighorn Basin, Wyoming and Mon- 
II 5 ciao yin wi Eno 06 cd sis Geen to 1140 PEE Rie RLS EIR BESRONE: gine aT Te Si 1142 
PRETO is nis as 6 sce d ve we ets 1140 3. Type sections of Little Sheep mudstone 
SI st See ai eae nas 1140 member and of Himes member of 
GONMDRI RDEACIOD oes cs eae a 1140 Cloverly formation.......... 5 alalaiat wes 1146 
Historical sunaMary )..66 6663 de ees 1140 4. Type section of Sykes Mountain forma- 
Proposed stratigraphic nomenclature. ..... 1142 eee errr ee ee eee 1149 
Widaiiee Satie... cs. iis oc oe esses 1143 5. Probable lithogenetic equivalents........ 1151 
Bighorn Basin............ 1143 6. —, Cloverly paleocurrents, Bighorn BS 
Elsewhere in Western een 1144 7 Pp ees OR RR SE Sr ce 56 
| Cia "1145 . Pryor conglomerate member espe 
Cloverly 1145 near Red Dome, Montana. . 1157 
General -auinietooas SOR a e 8. Late Cloverly paleocurrents, ‘Bighorn 
Little Sheep mudstone member......... 1145 ee a ro ee ce 1158 
Pryor conglomerate member........... 1147 9. Facies changes in Himes member of 
NII ics cin 8 se er earn as eie 1148 Cloverly formation.................. 1159 
Sykes Mountain formation............... 1149 10, Heavy-mineral provenances............ 1166 
NOIRE oh vache Oe oy yok igs Sid amt BOO > (19; (Olanemmineralen th ire ics co voc oe ss be 1168 
Incomplete local fossil evidence... . . ... 1150 12. Sandstone composition and texture related 
Lithogenetic equivalents............... 1152 to maturity and fluidity.............. 1170 
Ages Sa CPE Tee etn wa ee ae ee . . S8e2 Plate Facing page 
Petrology......---+-.++0se seen reece: --» 11534, Lithologic changes in uppermost Jurassic 
Sedimentary ctructures.. 2.00.08 05 o8 1153 and lowermost Cretaceous rocks along 
UR MMINRONNE 2555 SENSIS Giga choco: ain bee sae 1153 northeast edge of Bighorn Basin, 
Directional properties................. 1155 Wyoming and Montana............... 1137 
Secondary structures...... Pout oats OR Sittatne sas 
Petrography. . ial ae a Fala 1159 9, Cloverly and Sykes Mountain formations) 
Composition and texture. a scale 2 Bedding features.................... 
Special studies. ..... itr t eters ne eens 1159 4, Photomicrographs of thin sections 1160 
Sedimentary rock families............. 1163 5. Photomicrographs of thin sections, and 
NRO 6 oss Rie si rctccaye 5 6.0m dae ole veces 1171 tuffaceous mudstone outcrop 
Morrison formation................ . 474 
Cloverly formation <0: 6.66 6cciecsas. 1171 TABLES 
Sykes Mountain formation............. 1171 Tables Page 
Physical environment. .... --- W724, Compositional and textural properties of 
Tectonic environment. ... . --++. 1173 Morrison, Cloverly, and Sykes Mountain 
Geologic history.......... ' he 1173 formations, Northern Bighorn Basin, 
References cited......... at caer aga he Wyoming and Montana............ .. 1164 


INTRODUCTION 
General Statement 


The present study analyzes a sequence of ex- 
posed Mesozoic sedimentary rocks in the 
northern Bighorn Basin that are the product of 
a predominantly nonmarine physical environ- 
ment in a stable tectonic environment. These 
rocks include the Morrison formation, the 
Cloverly formation, and the rusty-brown- 
weathering beds heretofore included in the base 
of the Thermopolis shale, thus involving the 
entire sequence deposited after the last Jurassic 
marine flooding and before the return of 
dominantly marine Cretaceous conditions. 

The upper Jurassic and lower Cretaceous 





rocks described in this study crop out in Big 
Horn and Park counties, Wyoming, and Carbon 
County, Montana, extending along the east 
side of the basin from the vicinity of Hyattville, 
Wyoming, for about 90 miles northwest to the 
vicinity of Red Dome, Montana, and on the 
west side of the basin from about 10 miles south 
of Cody, Wyoming, northward for about 40 
miles to the Montana state line (Fig. 1). The 
area is one of excellent exposures and uncompli- 
cated structures. 


Previous Work 


In the early 1900’s, U. S. Geological Survey 
field parties mapped much of the area (Darton, 
1906b; Fisher, 1906). Later maps which have 
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Figure 1.—INDEX Map 
Exposures of Morrison, Cloverly, and Sykes Mountain formations along the northern edges of the Big- 
horn Basin. 
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been useful for this study include detailed ones 
near Red Dome and Bowler by Wilson (1936; 
also manuscript map in the Thom Library of 
the Yellowstone-Bighorn Research Association, 
Red Lodge, Montana), near Cody by Pierce and 
Andrews (1940), near Greybull by Pierce 
(1948), and near Hyattville by Rogers et al. 
(1948). Regional maps recently compiled are 
those of the Bighorn Basin (Andrews, Pierce, 
and Eagle, 1947), of Wyoming (Love, Weitz, 
and Hose, 1955), and of Montana (Ross, 
Andrews, and Witkind, 1955). 


Present Work 


This paper is a portion of a dissertation 
presented in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy 
at Princeton University. Field studies were 
made in the summers of 1954 and 1955. Strati- 
graphic sections located on air photographs 
were measured by hand level or by Brunton 
compass and tape. Primary structures were 
sketched or photographed and their attitudes 
determined. Petrographic studies of textural 
attributes and composition of these rocks 
included mechanical analyses, thin-section 
studies, heavy-mineral separations, and clay- 
mineral determinations. 
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STRATIGRAPHY 
General Character 


Three distinct facies are present between the 
Jurassic Sundance formation and the Creta- 
ceous Thermopolis shale within the area 
studied. The lowest includes about 200 feet of 
light-olive-green, lenticular, calcareous silt- 


stones, shales, mudstones, and fine-grained | 


cross-bedded sandstones. Commonly red-brown 
calcareous mudstones or shales alternate with 
the olive-green rocks in the upper portion, 
producing a red-banded aspect comparable with 
many of the Rocky Mountain lower Eocene 
rocks. Lenses of aphanitic limestone and clay- 
gall conglomerate are subordinate. 

Overlying these beds with a contact varying 
from conformable to unconformable are varie- 


gated red, purple, orange, dark-olive, and gray, | 


partly bentonitic, commonly noncalcareous 
mudstones about 300 feet thick. The lower 
mudstones, which weather into low, rounded, 
gumbo hills, are more purple, drab, and 
bentonitic than the upper ones and contain 
local chert beds, interbedded thin bentonites, 
and zones of large calcareous concretions. At or 
near the base are local tongues and lenses of 
cross-bedded conglomeratic sandstone, with 
distinctive black-chert pebbles and sand grains 
and some thin lignitic beds. The much less 
bentonitic variegated claystones and mudstones 
of the upper member, which weather into cliffs, 
are brighter yellow, orange, and light gray, 
and are considerably impregnated with iron 
oxide as blebs, veinlets, and hardpans. Com- 
monly, the basal few feet is olive to reddish- 
brown  salt-and-pepper sandstone with a 
swelling-clay matrix. Elongate bodies of cross- 
bedded quartzose sandstone are interlaced 
through this upper mudstone unit. 

The uppermost sequence of strata is about 
100 feet of rusty-weathering, thinly interbedded 
limonitic siltstones, gray shales, and brown 
sandstones, with associated ironstones at the 
base. Although the contact with the underlying 
variegated mudstones is distinct in most 
places, the contact with Thermopolis shale is 
gradational. 


Historical Summary 


The first formal attempts to describe the 
stratigraphic units exposed in the northern 
Bighorn Basin were by Darton (Fig. 2). As Dar- 
ton compared the Bighorn Mountains section 
with sections studied earlier in the Black Hills 
and the Colorado Front Range, he extended the 
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STRATIGRAPHY 


name Morrison to the Bighorn Range, and 
introduced the name Cloverly there (Darton, 
1904, p. 398-399; 1906a). Darton described the 
Morrison as chiefly pale-green or maroon soft 
sandy shales and clays which alternate with 
layers of fine-grained sandstone, all of fresh- 
water origin. Darton believed the sandstone 
overlying the Morrison beds represented the 
Lakota formation of the Black Hills; the sand- 
stone is overlain by and merges into clays 
resembling the Fuson formation. Because of 
lack of definite evidence as to the equivalency 
of these beds, and because of the apparent 
absence of deposits representing the Dakota 
sandstone above the clay, Darton proposed the 
separate designation “Cloverly” for this series, 
a name derived from a now-deserted post office 
on the eastern side of the Bighorn Basin. 
Darton described the Cloverly formation as 
containing conglomeratic sandstones overlain 
by clays overlain by sandstones. The lower 
sandstone is generally buff or dirty gray, cross- 
bedded, massive, and coarse-grained, with its 
basal portion commonly conglomeratic and 
locally containing some thin deposits of coaly 
shale. The middle clays are mostly ash-colored 
and purplish or reddish, with some portions 
pale green and maroon, similar to the under- 
lying clays of the Morrison formation. At some 
localities a few feet of massive light colored 
sandstone overlies the clays. 

Darton (1906a, p. 52) described what he 
thought to be a typical exposure of the Cloverly 
formation as follows: 


“Tn the vicinity of Cloverly the formation varies in 
thickness from 50 to 125 feet, and to the east and 
north of that place it consists of sandstones which 
outcrop extensively in cliffs of massive buff-colored 
beds, mostly of moderately coarse-grained material. 
To the west the middle and lower portions of this 
sandstone change to a maroon color and some clay 
is intermixed with the sand. This rock weathers 
into badlands. 

“Section of Cloverly formation 114 
Cloverly, Wyo. 


4 miles west of 


Feet 
“Light-buff sandstone (overlain by Ben- 

DOS "15 aia GR isa eee ah a i a pe 10 
Tan-colored sandstone................ 10 
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Reddish and tan-colored sandy clay.... 10 
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Deep maroon sandy clay............. 20 
Hard tan-colored sandstone........... 3 


Deep-maroon to purple ew bats 12 
Lenses of maroon sandstone. . “pia 


Deep-maroon sandy clay.............. 20 

Olive-green, soft, cross-bedded sandstone 
with hard layers (lying on maroon and 
drab-gray Morrison shale).......... 11 
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Darton considered the few thousand feet of 
beds overlying the Cloverly formation to be the 
Colorado shale. Its salient features west of 
Cloverly include a basal “rusty” series, about 
100 feet thick, of dark-gray to black shales with 
thin beds of brown sandstone, that rests 
abruptly on top of the Cloverly sandstone, but 
with no evidence of unconformity. Above this 
unit are black fissile shales (Darton 1906a, p. 
55). 

Figure 2 shows some findings of subsequent 
workers which added to or differed from 
Darton’s studies. The most important concepts 
relevant to this study include Washburne’s 
(1909) opinion that the Cloverly locally was 
partly or entirely absent because of an uncon- 
formity below the marine Colorado shale, 
Hewett’s (1914) separation of Cloverly from 
Morrison above the highest maroon clays, 
Lupton’s (1916) naming of the Thermopolis 
shale above the Cloverly, and Hewett and 
Lupton’s (1917) formal designation of the 
higher Cloverly sandstone unit as the Greybull 
sandstone member of the Cloverly formation. 
Ziegler (1917) placed the upper Morrison con- 
tect at the top of the highest maroon clays, 
a:though he recognized that Darton had put 
the contact at the base of a conglomerate below 
some of these variegated clays. Hares (1917) 
introduced ‘he term Pryor conglomerate 
member for the lowest part of the Cloverly 
formation of the northeastern Bighorn Basin. 

Of interest in the next decade were the 
transfer of the Rusty Beds to the Cloverly 
formation in a U. S. Geological Survey correla- 
tion chart (Wilmarth, 1925) and Lee’s opinion 
(1927) that as much as 53 feet of carbonaceous 
shale, sandstone, and black-chert-pebble con- 
glomerate in the eastern Bighorn Basin be- 
longed properly neither to the Cloverly nor to 
the Morrison formations but represented the 
coal-bearing parts of the Kootenai formation. 

In recent years stratigraphers in this section 
in the Bighorn Basin have followed one of three 
trends. Some (e.g., Pierce and Andrews, 1940, 
south of Cody; Rogers ef al., 1948, in the 
Worland-Hyattville area; Pierce, 1948, near 
Basin and Greybull) have placed the Morrison- 
Cloverly contact at the highest reddish beds 
and the Cloverly-Thermopolis contact at the 
lowest dark-gray shale. According to these 
workers, the conglomeratic sandstones, even 
where they can be mapped separately, are 
placed in the middle of the Morrison formation. 
The Cloverly formation includes a_ thickly 
bedded Greybull sandstone member and over- 
lying rusty-weathering thinner sandstones and 
siltstones. 
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Others (e.g., Andrews, Pierce, and Eagle, 
1947; Love, Weitz, and Hose, 1955) would map 
the Morrison, Cloverly, and the rusty- 
weathering beds as one undifferentiated unit. 
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mapping an area has determined which lithic 
characters are selected for determining forma- 
tional boundaries. However, as understanding 
the origin of a series of sedimentary rocks be- 
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FiGURE 2.—INTERPRETATIONS OF UPPERMOST JURASSIC AND LOWERMOST 


Still others (e.g., Blackstone and Sternberg, 
1947, p. 226, 231, 244, 248, 250; Spalding, 1952, 
p. 104, 108, 110, 139) have introduced names 
from outside the Bighorn Basin, most com- 
monly dividing the Cloverly formation into a 
basal Lakota conglomerate, a medial Fuson 
shale, and an upper Dakota “silt” or sandstone. 


Proposed Stratigraphic Nomenclature 


A formation is a genetic lithic unit, and be- 
cause of its genetic and economic significance, 
lithic constitution of a sequence is fundamental 
to subdivision into formations (Ashley ef al., 
1933, p. 430-431). Frequently, expediency for 


comes of more value in the historical interpreta- 
tion of an area, the lithologic characters of 
greatest genetic significance, rather than those 
most easily mapped, must be selected for the 
determination of a formation. 

Definition of the Upper Jurassic and Lower 
Cretaceous rocks of this study on a lithogenetic 
basis has great value in describing the events of 
that area. The name Morrison formation is re- 
stricted to the lowest of the three major litho- 
genetic this sequence. These 
chiefly greenish mudstones and_ sandstones, 
red-banded in part, had fluvial and lacustrine 
origin on a constantly aggrading flood plain. 
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STRATIGRAPHY 


Overlying the Morrison formation, generally 
with conformity, is the Cloverly formation as 
redefined. One of its three members, chiefly 
variegated bentonitic mudstones, named herein 
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the area studied; the more lenticular conglome- 
ratic sandstones to the south within the Little 
Sheep mudstone are not named. These coarser- 
grained rocks represent deeply weathered 
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the Little Sheep mudstone member of the 
Cloverly formation, resulted from subaqueous 
weathering of volcanic debris in seasonal lakes 
and swamps. The highest member, of claystones 
and sandstones channeled with better-sorted 
sandstones, here named the Himes member of 
the Cloverly formation, formed from the 
leaching and subaerial weathering of volcanic 
debris and other sediments on a better-drained 
plain of seasonal lakes crossed by some through- 
going streams. The name Pryor conglomerate 
member of the Cloverly formation is retained 
for the well-defined basal Cloverly chert- 
pebble-conglomerate beds in the northern part of 


regolith materials swept into the area by 
streams at a time of a slight tectonic pulse. 
The uppermost sequence of strata, here 


named the Sykes Mountain formation, of 
rusty-weathering interbedded shales, siltstones, 
and sandstones, was deposited in the tidal flats 
and lagoons peripheral to the encroaching 
Thermopolis seaway. The general stratigraphic 
relationships of these formations in the north- 
eastern Bighorn Basin are shown on Plate 1. 


Morrison Formation 


Bighorn Basin.—The name Morrison is 


employed in the Bighorn Basin for the non- 
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marine formation immediately overlying the 
marine Jurassic Sundance formation for reason 
of stratigraphic precedence of over 50 years, 
and because the beds can be traced in outcrop 
and by well logs to the Colorado Front Range, 
where they constitute a large part of the type 
Morrison formation. The use of the same 
stratigraphic name in areas far from the type 
locality implies similar depositional conditions 
throughout a wide region and so emphasizes 
the distinctive tectonic and physical environ- 
ment in which these strata were deposited. 

The contact of the Morrison formation with 
the underlying Sundance formation is in most 
localities at the base of lenticular green shales 
or mudstones immediately above the highest 
fossiliferous, even coquinoid, beds of the 
Sundance formation. Where both formations 
are greenish calcareous sandstones and shales, 
the Sundance beds owe their color to a high 
glauconite content, whereas the similarly 
colored Morrison rocks have greenish clay 
matrix around generally lighter-colored grains. 
In some outcrops glauconite has been reworked 
several inches up into Morrison strata. Slight 
scouring and channeling of the uppermost 
Sundance, with clay galls in the overlying basal 
Morrison, is another local feature of the contact. 
Subaerially formed mudcracks and raindrop 
marks in the lower Morrison emphasize the 
change to nonmarine conditions. 

The Morrison measures about 130 to 280 feet 
thick, averaging about 190 to 200 feet, with 
thicker sections generally on the western side of 
the basin. 

The pronounced lithologic changes occurring 
every few feet vertically or every few dozen 
yards horizontally result chiefly from the 
lenticularity of a few repeated lithologies rather 
than numerous different rock types. The most 
common single rock type is calcareous, some- 
what sandy mudstone or shale, colored shades 
of green, gray, olive, and yellow. Near Shell, 
Rose Dome, the mouth of Five Springs Creek, 
and elsewhere, most of the formation is greenish 
calcareous sandy mudstone. This marly lithol- 
ogy may also be the dominant one in a section 
containing lenses of sandstones or limestones of 
types mentioned hereafter. Greenish mudstone 
is also present in one particularly characteristic 
facies of the Morrison formation in the Big- 
horn Basin. Lenses of this facies from a few 
inches to several feet thick are associated with 
reddish-brown calcareous mudstones, com- 
monly somewhat finer-grained than the adjacent 
green lenses. This produces a red-banded effect 
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similar to the lower Eocene rocks of the Bighorn 
Basin and nearby regions. 

A lithologic series grading from calcareous 
medium- and fine-grained sandstone through 
very silty or sandy limestones to fairly pure 
limestone is also common in the Morrison 
formation. The detrital component normally is 
sufficiently impure to cause these sandstones to 
be classified as wackes. Most commonly, these 


muddy-matrixed calcareous sandstones and} 


sandy limestones are thinly cross-bedded, as 
well as pseudocross-bedded from ripple marks. 
Some of the purer limestones occur fairly 
commonly as nonlaminated lenses 1 foot or less 
thick, especially in the red-and-green banded 
facies where they cover a few dozen square yards 
in area. The more sandy or silty limestones of this 
lithologic series cover a larger area; some of the 
calcareous sandstone lenses may extend for 
several acres where they are thickest and most 
numerous in the northeastern edge of the Big- 
horn Basin. Lenticular sandy beds range from 
nearly white to pale green for the less calcareous 
muddy-matrixed sandstones, and to pale orange 
for the cleaner more calcareous sandstones, 
or even limestones. 

Variegated clays, coaly beds, and conglom- 
eratic sandstones assigned to the Morrison 
by some authors are included in the Cloverly 
formation of this report. 

Fresh-water snails, including locally abun- 
dant Viviparus rcesidei Yen, some lignitic 
needles, chara 6ogonia, petrified wood, and 
worn reptilian bones are fossilized in the 
Morrison formation. 

Elsewhere in Western Interior —The term 
Morrison formation was formally applied to 
some fresh-water marls and sandstones typi- 
cally developed at Morrison, Colorado, near 
Denver, by Eldridge (in Emmons, Cross, and 
Eldridge, 1896, p. 60), although the name had 
been used in a folio (Cross, 1894) published 
shortly before the monograph on the region. 
Because these publications did not give an 
unequivocal description of the upper beds and 
contact, confusion arose in later interpretations 
of the “type Morrison”, so that Waldschmidt 
and LeRoy (1944) presented a new type section 
which has been generally accepted. Waagé 
(1955, p. 24-25) reviewed earlier interpretations 
and concluded from his own observations that 
the upper Morrison contact of Waldschmidt 
and LeRoy is between 35 and 55 feet higher 
than Eldridge’s. Moreover, Waagé believes 
that the contact he draws between the Morrison 
and the overlying Lytle formation of the 
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Dakota group corresponds with Eldridge’s 
Morrison-Dakota contact. 

Waagé (1955, p. 23) terms as ‘“‘undoubted 
Morrison strata” the greenish-gray marls and 
claystones of the Front Range section which are 
overlain by dominantly red, variegated beds, 
with sandstones and conglomerates. The Morri- 
son-Lytle contact is distinct where thick Lytle 
| conglomeratic sandstone lenses rest uncon- 
| formably on “undoubted Morrison” greenish- 
gray marls or where basal Lytle conglomeratic 
sandstone lenses rest with obvious uncon- 
formity on the dominantly red variegated upper 
Morrison beds, but is obscure where, as Waagé 
notes, 

“.. the entire sequence of beds between the discon- 
formity at the top of the Lytle and the greenish- 
gray claystone of undoubted Morrison consists of 


alternating lenses of sandstone, or conglomeratic 
sandstone, and variegated claystone.” 


Cloverly Formation 


General features.—Cloverly formation is the 
name applied to the middle of the three strati- 
graphic units considered in this report. Because 
Darton was not consistent in his choice of either 
upper or lower contacts of the formation, the 


| name Cloverly must be redefined carefully. As 


proposed here, the Cloverly formation in the 
Bighorn Basin includes those nonmarine sedi- 
mentary rocks which lie above the Morrison 
formation and below the Sykes Mountain 
formation. The Cloverly formation can be 
subdivided into the Little Sheep mudstone 
member, the Pryor conglomerate member of 
local extent, and the Himes member. 

The vicinity of the former Cloverly post 
office remains a good type locality of the re- 
defined Cloverly formation. A compound type 
section there totals 382 feet thick, with the 
Himes member (98 feet thick) measured in the 
cliffs west of Cloverly (Pl. 2, fig. 1) near the 
section Darton measured (1906a, p. 52), and 
the Little Sheep mudstone member (284 feet 
thick) measured in the buttes southeast of the 
mouth of Cedar Creek. The Cloverly formation 
ranges from 150 to 400 feet thick elsewhere in 
the northern Bighorn Basin, with an average 
thickness of about 280 to 300 feet. 

The contact of the Cloverly formation with 
the underlying Morrison formation is at the 
base of the lowest beds which either show 
evidence of significant additions of volcanic 
debris or contain pebbles or granules of black 
chert. The former relationship is most common 
in the area studied. Evidence indicating vol- 
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canic debris includes: bentonites; partly ben- 
tonitic mudstones and claystones; highly 
siliceous rocks such as cherty siltstones, 
tuffaceous mudstones, and spotted to white 
cherts; and variegated rocks, especially colored 
shades of pale red, light to dark purple, pale 
greenish yellow, and neutral gray. 

The Pryor conglomerate member uncon- 
formably overlies the Morrison formation in the 
outcrops from Sykes Mountain northwestward 
to Red Dome and at some exposures on the west 
side of the basin. This contact is very distinct, 
with some channeling of the upper Morrison 
surface. The angularity of the unconformity in 
this northern part of the basin is a few feet per 
mile. South of Sykes Mountain the Cloverly- 
Morrison contact is conformable, and in some 
instances where variegated bentonitic mud- 
stones overlie the Morrison the contact may be 
gradational through a few feet. 

Little Sheep mudstone member.—The Little 
Sheep mudstone member of the Cloverly 
formation is a series of bentonitic mudstones, 
commonly containing some chert-pebble sand- 
stone lenses and beds of a few other lithologies, 
which overlies the Morrison formation and 
underlies the Himes member of the Cloverly 
formation. Locally it overlies the Pryor 
conglomerate member of the Cloverly forma- 
tion. The member is 250 feet thick at its type 
locality on the northeast flank of Little Sheep 
Mountain about 4 miles south-southwest of 
Kane, Wyoming, in sec. 36, T. 56 N., R. 95 W. 
(Fig. 3). 

The most characteristic and dominant lithol- 
ogy of the Little Sheep mudstone member is 
variegated bentonitic mudstone. Variegated 
here means that a portion of the rock as small 
as a hand sample shows two or more colors in 
irregular patches perhaps grading into each 
other. This color change does not depend on 
bedding, jointing, concretions, or other struc- 
tures. The bentonitic character of these mud- 
stones is evidenced by their rapid color change 
where moistened, followed by a slower process of 
swelling and disintegration. They weather 
rapidly to “gumbo” (some of the older literature 
terms it ‘‘adobe’’). Bentonitic gumbo is char- 
acterized by the formation of popcorn-shaped 
masses of the mudstone during weathering. 
Commonly this gumbo mantle, barren of 
vegetation, is a few feet thick above bedrock. 

These variegated bentonitic mudstones com- 
monly are shades of gray and red. The grays 
are very nearly neutral, ranging from very light 
gray to very dark gray, but rarely including 
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some shades of yellowish gray and light olive 
gray. The reds are most commonly moderate 
reds, pale reds, and reddish browns; in some 
intervals, red-purple shades are very common. 
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acterized by layers of large nodules with rough,) eratic s 
knotty surfaces and individual smaller and} brown 


smoother nodules. All gradations from chert 
nodules to calcareous nodules apparently are 
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The mudstones, which range from claystone to 
very silty mudstones, have various combina- 
tions of these colors. Purplish and reddish 
brown are especially prominent immediately 
above and several feet below the zone of 
conglomeratic sandstone. Grays, rarely with 
variegation of pale and moderate reds, are 
present in most localities immediately below 
the conglomeratic sandstone interval and in the 
middle and upper parts of the section between 
the conglomerate and the lowest beds of the 
overlying Himes member. A very dark-gray 
bentonitic mudstone or claystone is generally 
theuppermost unit of the Little Sheep mudstone 
member. The bentonitic mudstones are char- 


present, although across any one _ horizon 
nodules tend to be the same type. Veins of 
chalcedony about three-eighths of an inch 
thick form septaria of some nodules and, more 
commonly, cut through the mudstones. Selenite 
crystals, rounded, smooth-surfaced pebbles 
from 2 to 4 inches in diameter (“‘gastroliths”’), 
bones and bone fragments, and fragments of 
silicified wood are also found in these mud- 
stones, especially in the darker-gray mudstones. 

Sparkly quartz sandstones and thin bentonite 
beds, commonly less than 2 inches thick but 
ranging to more than 2 feet thick, are locally 
abundant in the unit of purplish mudstones 
which in many localities overlies the conglom- 
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eratic sandstone unit and underlies the dusky- 
brown mudstones which are below the upper 
gray mudstones. 

The conglomeratic sandstone is _interest- 
ing from the standpoint of its role in the 
stratigraphic nomenclature of these formations 
as well as because of the significance which is 
attached to its peculiar lithology in this gener- 
ally much finer-grained member. The conglom- 
and sandstones themselves are 
characterized by well-rounded pebbles, gran- 
ules, and sand grains of black chert, less 
commonly of brownish-black chert, or black 
chert veined with white. A second typical 
feature is angular white-chert grains which are 
flecked through the rock. These are partly 
decomposed and punky. The chief component 
of these conglomeratic beds is coarse- to fine- 
grained quartz sand; the chert detritus is 


| generally only a small to moderate, but con- 


spicuous, proportion of the rock. 

In many places a few inches of green mud to 
shale immediately underlies these conglomerate 
lenses. This mud characteristically contains 
numerous rounded large pebbles or small 
cobbles of chert, quartzite, and other lithologies. 

In the southeastern part of the region studied, 
from Howard Gulch past Hyattville, a facies of 
dark-brown micaceous shales and _ siltstones 
contains bright-yellow iron sulfate and a 
concentration of black plant debris in beds of a 
fraction of an inch (rarely to a few inches) 
thick. These lignitic beds apparently are 
composed chiefly of macerated twigs, rushlike 
plants, and conifer needles. 

Another lithologic assemblage consists of 
very siliceous rocks, including green cherts 
dappled white, very light-gray siliceous and 
tuffaceous mudstones, and cherty siltstones and 
sandstones. Although most of these siliceous 
deposits are small lenses, one is developed very 
extensively. It is a light-gray, siliceous and 
tuffaceous mudstone which weathers to a 
prominent white ledge wherever it outcrops. 
This layer occurs near the top of the member, 
generally overlain only by the very dark-gray 
bentonitic mudstone that is normally the 
uppermost layer in the Little Sheep member. 

Limestone lenses above the level of the 
conglomeratic sandstones yielded gastropods at 
three localities, most abundantly at the west 
face of the butte overlooking Bighorn River at 
the mouth of Crystal Creek. These apparently 
are all the one fresh-water species, Reesidella 
montanaensis (Stanton), known from the 
Kootenai of Harlowtown, Montana, and the 
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Cloverly of Jackson Hole, Wyoming; it has 
related forms in the Peterson limestone near 
Cokesville, Wyoming (Yen, 1952). 

Reptilian bones, teeth, scutes, and claws are 
common in the more bentonitic mudstones of 
the Little Sheep member, but most are too 
fragmentary and worn even for general identifi- 
cation. A small assemblage of crocodile, 
dinosaur, and turtle remains was collected from 
the uppermost dark-gray bentonitic mudstone 
of this member near Black Butte. Dr. J. T. 
Gregory, who very kindly examined a portion 
of the collection, stated (Personal communica- 
tion, 1955): 


“The turtle scutes ... belong to the genus Comp- 
semys and are closer to the type species, C. victa 
Leidy, than to any other which has been referred 
to it. Compsemys ranges through the Upper Creta- 
ceous and Paleocene; sometimes the Jurassic 
Glyptops plicatulus is referred to it, but I believe it 
wise to recognize Glyptops as distinct, and might 
even question whether some other species referred 
to Compsemys were cogeneric with the type.” 


He also stated that a caudal vertebra centrum 
appeared to be from a stegosaur dinosaur. 

This is an interesting combination: Comsemys 
is not recorded from beds lower than Upper 
Cretaceous; stegosaurs are known chiefly from 
the Jurassic, less commonly from the Lower 
Cretaceous (Romer, 1945, p. 600). 

Pryor conglomerate member.—A distinctive 
basal conglomeratic sandstone facies of the 
Cloverly formation on the south and west 
flanks of the Pryor Mountains has been named 
the Pryor conglomerate member of the Cloverly 
formation. This unit thins southeastward to a 
feather edge at Sykes Mountain. From extra- 
polation of the regional studies of Lammers 
(1939, p. 114), and from the current-direction 
studies of this report, the conglomerate at Line 
Creek at the northwest margin of the Bighorn 
Basin probably is part of the Pryor member. 
Most other similar-appearing conglomerates in 
the central and southern edges of the basin 
appear to be individual lenses, although a few 
may be edges of more extensive tongues that 
may thicken southwest of the basin. 

The Pryor member consists of several related 
lithologies, the most conspicuous of which is 
conglomerate containing rounded black-chert 
pebbles. All size gradations of the chert frag- 
ments exist, from rare pebbles more than 1 inch 
in diameter to sand grains. Angular sand- and 
grit-sized grains of white chert are also abun- 
dant. These chert grains are mixed in varying 
proportions with light—yellowish-brown to white 
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quartz-sand grains, resulting in rock types 
ranging from sandstone to pebble conglomerate. 

Angular blocks of white chert as much as 
several inches long are common in the basal 
beds of the member, especially in exposures 
southwest of Big Pryor Mountain. Farther 
southeast, from Gypsum Creek to the northwest 
end of Sykes Mountain, the basal beds consist 
of rubble beds composed of blocks of sandstone, 
white chert, and fragments of lignitic wood as 
well as a mass of finely hashed carbonaceous 
plant remains, all in a sandy matrix. Presum- 
ably, this rock type occurs at about the level 
and locality in which Washburne (1909, p. 168) 
reported finding a thin coal bed. No bed of coal 
could be found, although it is possible that in 
some localities the carbonaceous trash may be 
the only component of one of these rubble beds. 
The unidentifiable plant fragments were the 
only fossils found. 

Immediately south of Sykes Mountain, in the 
part of the member near its edge, the black- 
chert pebble and -sand component noticeably 
decreases both in volume and grain size. At its 
edge the member is a thin, well-sorted quartz 
arenite, interfingering with the lowermost beds 
of the Little Sheep mudstone member of the 
Cloverly formation. 

Himes member.—Between the Little Sheep 
mudstone member of the Cloverly formation 
and the Sykes Mountain formation is the Himes 
member of the Cloverly formation. This is a 
cliff-forming member of claystones veined with 
iron oxide and lithic wacke and quartz arenite 
sandstones, in contrast to the gently rounded 
gumbo hills of the Little Sheep member and the 
sandstone ledges and rusty-brown—weathering 
slopes of the Sykes Mountain formation. 

The outcrops around Little Sheep Mountain 
between Himes and Lovell, Wyoming, are well 
exposed and contain some very fresh rock. 
The type section measured on the west flank of 
Little Sheep Mountain, in sec. 15, T. 55 N., R. 
95 W., includes 92 feet of beds assigned to the 
Himes member of the Cloverly formation (Fig. 
3). Its thickness is about the average thickness 
of the member throughout the Bighorn Basin. 
Noteworthy exposures in the vicinity of the 
type area include a recently abandoned small 
quarry for building stone from a channel sand- 
stone within the Himes member immediately 
north of the type section and a clay pit operated 
by the Lovell Clay Products Company in the 
uppermost variegated claystones about 4 miles 
east of Lovell in the extreme northern outcrops 
on the west flank of Little Sheep Mountain. 
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The contact of the Himes member with the 
Little Sheep member is marked by channeling 
in many localities; in others, a disconformable, 
relationship, or at least a hiatus, is suspected 
from inferences about the genesis of the upper- 
most dark-gray mudstones of the Little Sheep 
member. 

Lithologically, the claystones of the Himes 
differ from the mudstones of the Little Sheep! 
in that they are typically finer-grained, gener- | 
ally nonbentonitic, and contain veinlets, blebs, 
and local hardpans of hematite and limonite 
(using those iron oxide names in a general field 
sense). The blebs weather out to dark—reddish- 
brown blotches which protect the underlying 
claystone from rainwash so that the cliffs of 
claystone have vertical flutings. The claystones 
or mudstones are variegated in shades of reddish 
brown, yellowish brown, and gray; only very 
rarely are greenish, purplish, or pale-red shades 
found. 

The sandstones of the Himes member are of 
two distinct types, which differ from the 
lenticular conglomeratic, well-sorted sand- 
stones of the Little Sheep or the sheets of well- 
sorted sandstone of the Sykes Mountain. One 
type, common at the base of the member, 
locally channels slightly into the underlying 
bentonitic mudstones; it is a lenticular, cross- 
bedded olive-gray sandstone, having a salt- 
and-pepper aspect resulting from lithic grains 
and partly decomposed feldspars and a matrix 
of mud which swells when moistened. This 
olive lithic wacke is generally overlain by, 
interfingered with, or, in some localities re- 
placed by, a reddish-brown lithic wacke of the 
same general characteristics. Lenses of cross- 
bedded wacke locally grade upward through 
sandy mudstones or claystones and into clay- 
stones with iron oxide blebs which show only 
indistinct bedding or none at all. 

The second major sandstone type consists of 
shoestring-shaped bodies, flat on their upper 
surface and convex downward, interpreted as 
fluvial channel fills. This facies of sandstone is 
composed of fairly clean, medium- to fine- 
grained, cross-bedded quartz sand. At the edges 
of the channels, and locally at their bases, thin- 
ner shales and siltstones are interbedded with 
the sandstones. The channels range in width 
from a few yards to 1 mile and in maximum 
thickness from a few feet to more than 100 feet. 

Apart from the iron oxide-blebbed clay- 
stones, basal lithic wacke lenses, and the 
quartz arenite channels, a few other lithologies 
are known. In some places the channel-edge 
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sandstones and shales contain carbonaceous, 
hashed plant remains. Locally, as immediately 
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separated from the Himes member of the 
Cloverly by 15 feet of thinly interbedded silt- 
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ected| of the lower Bear Creek exposures, a thick, 
1pper- shoestring-shaped body of gray sandy shale TS “aT” 
Sheep and yellow sandstone cuts through the lower 2 
claystones, the olive or red lithic wackes, and ee ne 
Limes} into the underlying Little Sheep bentonitic shsiieillinsadiibicabdein 
Sheep sumeger se In the — Bear — — 15, wold ironstone concretions. § 
fener.| some thick very calcareous sandstone lenses M4 Trinkinterbedded bra siltstone, 
een which lie gradationally beneath the olive Pt Boyan es 
onite | lithic wacke channel into the Little Sheep . Chiety y Block clayshal = 
field | bentonitic mudstones. In a very few localities, Sab care comesten ad 
dish- | chert beds, bentonite beds, and some bentonitic 
lying mudstones are found in the Himes member. I Limestone & ironstone; 
is of No fossils were discovered in this member. 10 Tptes Recided aia? 
‘ones Assignment of a probable early Cretaceous age Taian cor ae 
idish_ 18 based on its stratigraphic position. 9 Simiayfo _ 6 
very e black shoe Baden 6 
ades Sykes Mountain Formation , Simi hi eon tN k 
re of The Sykes Mountain formation is composed 
the | of thinly interbedded siltstones, sandstones, and re , ; 
ee . 6 Similar to unit Il. 
and- Shales, commonly containing some thicker 5 Similar to. urit 10. é 
vel|. _ blanket-shaped sandstones, especially near the 4 Similar to unit Il. i 
Que | base, and thin beds of ironstones, all of which toe ee 25 
ber, | show some marine and some nonmarine features 
ying | and weather rusty yellowish brown. These beds 
oss- | lie with very sharp contact, representing a 
alt. | hiatus, on the nonmarine variegated claystones * Fate Fonstone beds 3 3 
xing | and channel sandstones of the Himes member of To og 15 
trix | the Cloverly formation. They grade upward and 
Phis | interfinger with the marine black bentonitic Sin oe ie dea 
by, | clayshale of the overlying Thermopolis shale. HIMES MEMBER OF THE 
re- | This formation includes the “Rusty beds”, CLOVERLY FORMATION. 
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stratigraphic unit crops out in several excellent 
sof oy oe near Sykes, Mountain and Crooked The formation ranges in thickness from about 
per | reek along the northeastern edge of the Big- 100 to about 300 feet in the northern Bighor 
a. | horn Basin (Pl. 2, fig. 2). At its type section ’ P : - ae 
as ; a Basin. Comparison of the type section with 
is | (Fig. 4), it comprises 136 feet of sandstones, : =i 4 
| shales, siltstones, and ironstones. This section nearby sections reveals that interfingering of 
m 7° : 4 Sane the uppermost sandstones, siltstones, and gray 
res | northwest of Sykes Mountain is between hal di f th Svk 'M i 
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68 | stones. The thickest sandstones, siltstones, and The contact of the Sykes Mountain formation 
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tion is very easily selected, the well-bedded 
thin siltstones, sandstones, and shales con- 
trasting markedly with the underlying red- 
blotched claystones which show no bedding. In 
a very few localities where a fairly thick lower 
Sykes Mountain blanket sandstone directly 
overlies a channel sandstone in the uppermost 
Himes, it is difficult to select the contact, for 
the sandstones above and below the contact 
may be similar. However, by carefully tracing 
the thinner, sheetlike sandstone beds of the 
lowermost Sykes Mountain laterally from an 
adjacent area past the zone of the channel-edge 
sandstones, it is possible to pick the contact. 
Most likely, it would be impossible to pick the 
contact from samples from a well which pene- 
trated a channel sandstone intimately overlain 
by sheet sandstones. 

Gradation between the uppermost Sykes 
Mountain formation and the lowermost Ther- 
mopolis shale, with repetition of Sykes Moun- 
tain-type lithologies at various higher levels in 
the section, causes some difficulty in placing the 
upper contact. In this study, the contact is 
normally placed at the top of the highest unit 
which is at least 1 foot thick, in which limonite- 
stained siltstones and sandstones, or ironstones, 
are more preponderant than black or dark-gray 
bentonitic clayshales, as this represents the end 
of paralic, or mixed marine and nonmarine, 
sedimentation. The black shales lower in the 
section represent brief periods of more dominant 
marine sedimentation during the paralic sedi- 
mentation. In some localities, as between the 
lower reaches of Crystal Creek and Salt Creek 
(Dry Bear Creek of some maps), this definition 
of an upper contact places as much as 43 feet of 
black shale within the Sykes Mountain forma- 
tion, which occurs here below a local lens of 157 
feet of the rusty-brown-weathering sandstones, 
siltstones, and gray shales. 

The most common lithology in the Sykes 
Mountain formation is thinly interbedded 
limonite-stained siltstones and _ fine-grained 
sandstones, with gray shales. Most beds are 
between one-eighth and three-quarters of an 
inch thick and have even finer lamination. The 
bedding is considerably disturbed on a small 
scale with fragments of one lithology in a bed of 
of another, scoured and filled features, and 
similar structures, many of which appear to be 
the results of burrowing organisms; most of 
these features indicate deposition in tidal-flat 
environments. These thin detrital beds, com- 
monly micaceous and carbonaceous, also 
contain concretions and thin beds of authigenic 


ironstone. Some persistent thin beds of sandy 


or silty limestone, locally displaying cone-in-, 


cone structures, are another authigenic compo- 
nent. 

One or two sandstone units from about 5 to 10 
feet thick are characteristic of the lower Sykes 
Mountain formation in several localities. Some 
of these are very persistent, as for example, one 
in the upper Alkali Creek-Five Springs area, 


two at Line Creek, and two west and south of} 


Red Dome. In general, they are fine-grained 
quartz sandstones, showing both bedding and 
cross-bedding, micaceous in part, and cemented 
commonly by limonite, less commonly by 
calcite. Their uppermost beds are, in many 
instances, very well indurated, becoming 
dark-brown ironstones having a submetallic 
luster. The color of the sandstones range from 
nearly white to shades of moderate brown, 
yellowish brown and grayish orange. It is not 
thought necessary to 
members. 

Aside from worm burrows, this formation is 
apparently unfossiliferous. Fossils are rare in the 
overlying Thermopolis shale, but a specimen of 
Inoceramus comancheanus Cragin was collected 
by K. Waagé (Personal communication, 1955) 
from the lowest Thermopolis shale above the 
line of cliffs west of the old Cloverly post 
office. Waagé (1955, p. 41) considers J. coman- 
cheanus as late Albian, and so it provides an 
upper time limit for the Sykes Mountain 
formation here. 


Correlation 


Incomplete local fossil evidence.—Fossil evi- 
dence for dating the Morrison, Cloverly, and 
Sykes Mountain formations in the Bighorn 
Basin has been meager. Dinosaur remains 
collected from the Cloverly in southern Mon- 
tana (B. Brown, 1933), and from the Morrison 
near Cloverly Post Office (B. Brown, 1935) 
have not been described. Knowlton (1916) 
considered some lower Cloverly plants to be 
Kootenai equivalents, and of Cretaceous age. 
The present study has contributed little addi- 
tional fossil information. 

To date these Bighorn Basin units between 
their Oxfordian (uppermost Sundance) and 
late Albian (lowest Thermopolis) limits, the 
ages of the beds they laterally adjoin must be 
considered. Some further, more cautious, infer- 
ences of age can be drawn from their homotaxial 
(or syntopogenic) equivalents elsewhere in the 
Western Interior, recognizing the great hazards 
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of equating lithogenetic similarity with age 
equivalence over these distances. For a first 
approximation, Figure 5 may be a correlation 
chart, although it is designed only as a graphic 
supplement to the following summary of 
apparent lithic equivalents of other well-known 
sections. 

Lithogenetic equivalents.—In central Montana 
the lithic equivalent of the Morrison formation 
is the nonmarine section below the Jurassic 
plant beds (Lammers, 1939; R. W. Brown, 
1946). These beds and the remainder of the 
Kootenai appear to the writer to represent the 
Cloverly, with the Third Cat Creek sand ap- 
parently of the same lithogenetic origin as the 
Pryor member, and the First Cat Creek sand 
the lithogenetic equivalent of the Sykes Moun- 
tain formation. 

In a pertinent review of recent stratigraphic 
studies near the Black Hills, Waagé (1958) 
stresses that the Inyan Kara group between the 
Morrison formation and the Skull Creek shale 
can be divided into two gross lithogenetic units. 
He terms the lower the Fuson-Lakota sequence, 
abandoning Darton’s formations as not ac- 
ceptable for mapping outside the immediate 
type area of the Fuson. This sequence of non- 
marine beds includes lenses of sandstone and of 
partly bentonitic, nonlamellar, varicolored 
claystone, with local chert-pebble conglomer- 
ates, resembling the Bighorn Basin Cloverly. 
Above a transgressive disconformity lie the 
dark shale, siltstones, and flaggy sandstones of 
the marginal marine Fall River sandstone, the 
lithogenetic equivalent of the Sykes Mountain 
formation. 

The Lytle formation and the upper Morrison 
variegated claystones and conglomeratic sand- 
stones described by Waagé (1955) along the 
Colorado Front Range seem to be the genetic 
equivalent of the Bighorn Basin Cloverly, but 
as was the case with the Fuson-Lakota sequence 
of the Black Hills, it is difficult to make com- 
parisons with specific Cloverly members. Below 
the Lytle, the “undoubted Morrison” of 
Waagé resembles the Bighorn Basin Morrison 
as now restricted, and above the Lytle, the 
Plainview sandstone member of the South 
Platte formation probably had an origin very 
similar to the Sykes Mountain formation. 

In the Colorado Plateau, the red-and-green 
banded claystones and lenses of sandstones of 
the Salt Wash, Recapture, and Westwater 
members of the Morrison formation (Craig 
et al., 1955) are lithogenetically similar to the 
Bighorn Basin Morrison formation. The Brushy 
Basin (Jurassic) member of the Morrison, and 
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the identically appearing Burro Canyon (Early 
Cretaceous) and Cedar Mountain formations 
which overlie it, composed of variegated benton- 
itic claystone, cherts, calcareous nodule zones, 
and chert-pebble conglomeratic sandstone 
lenses (Stokes, 1952) reasonably are related 
to the Little Sheep member of the Cloverly, 
with the addition of some Pryor-type sediments. 
A subaerially leached (Himes) rock type is not 
described in the literature. The transgressive 
beds of the Dakota formation of this region 
represent deposits laid down peripheral to the 
encroaching sea as do the Sykes Mountain beds 
of the Bighorn Basin. 

A ges.—The late Jurassic age of the Morrison 
formation was firmly established by Simpson 
(1926). In fact, emphasis on its Jurassic (Port- 
landian) age, coupled with difficulties in select- 
ing an upper lithologic boundary, has produced 
a situation whereby age alone has been used to 
delimit the Morrison formation, either by in- 
ference (Baker, Dane, and Reeside, 1936, p. 10, 
31) or by definition (Stokes, 1944, p. 956). This 
practice should be abandoned. 

J. B. Reeside (in Yen, 1952) believed that 
Morrison deposition ceased possibly before the 
end of the Portlandian, or probably before the 
Purbeckian, and that the Cloverly deposition 
of basal brown conglomeratic sandstones did 
not begin until at least the Hautrivian or possi- 
bly the Barremian. This hiatus of deposition of 
the latest Jurassic and earliest Cretaceous 
stages is illustrated graphically in Cobban and 
Reeside’s correlation chart (1952). 

There is no fossil evidence for such an ex- 
tensive, single hiatus in the Western Interior. 
In fact, Yen (1949) considered some of these 
beds probably Neocomian, admittedly using 
nonmarine mollusks. Moreover, although the 
physical evidence in the northern Bighorn 
Basin suggests that, of the multitude of small 
hiatuses present, the one represented by the 
sub-Pryor unconformity is most significant, 
there is no indication that it represents a few 
European stages. South of the edge of the 
Pryor conglomerate, beds of uppermost Morri- 
son and lower Little Sheep member of the 
Cloverly are not eroded by that unconformity. 
In this southern area the Morrison-Cloverly 
contact is conformable, even gradational in 
part. This contact may be entirely within the 
Jurassic, if lowest Cloverly correlations to the 
Jurassic lowest Kootenai and Brushy Basin 
lithogenetic equivalents are allowed. 

From these meager data and from inferences 
about the apparently slow accumulation of most 
of this nonmarine sequence and with no physical 
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pr fossil evidence to the contrary, it is tenta- 
ively proposed that the most reasonable age 
ssignments are as follows: 

The Morrison formation was deposited be- 
ween Oxfordian and Purbeckian time. Cloverly 
jeposition followed immediately, lasting con- 
inually until the return of near-marine condi- 
ions. The fine-grained members of the Cloverly 
lormation accumulated exceedingly slowly. 
Little Sheep time, characterized by seasonal 
lacustrine weathering of intermittent ash falls, 
as interrupted by a slight warping in the 
orthern part of the area and the spread of 
oarser detritus, perhaps in earliest Neocomian 
ime. The Little Sheep episode ended at some 
unknown time, possibly in the late Neocomian, 
with the advent of a period of subaerial 
weathering of ash and coarser epiclastic debris, 
‘epresented by the Himes member. The mixed 
narine and nonmarine interval of deposition 
t the Sykes Mountain formation possibly 
tommenced in Aptian or early Albian time and 
lasted until late Albian time. 





PETROLOGY 
Sedimentary Structures 


| Stratification.—Stratification has been de- 
iribed by numerous qualitative terms and used 
' a great many different ways (Ingram, 1954, p. 
}37). Furthermore, thickness terms are not as 
yet scaled well either for describing naturally 
curring strata or for manipulating such data 
stil (Bokman, 1956). Following 
okman, this author uses names for stratifica- 
ion only in a genetic sense in the present report. 
ualifying adverbs such as thinly or thickly 
(bedded) are used informally. A bed is a unit of 
hyered rock which appears to have been de- 
sited under essentially constant physical 
carved A bed may contain one lamina, the 
mallest layer of particles recognizable in the 
ediment, or more. A set comprises two or more 
eds of the same lithology. Similarly, there are 
ross-laminae, cross-beds, and cross-sets. All 
hese may be referred to as strata. 
MORRISON FORMATION: Interlensed sets of 
ee the most characteristic type of 
orrison formation stratification, are more 
—— in the sandstones and coarser silt- 
tones than in the indistinctly bedded finer 
udstones and shales. In the red- and green- 
anded facies of the Morrison, the reddish- 
rown finer-grained lenses are only rarely cross- 
edded and have thinner laminations than the 
breenish-gray lenses. Some contacts between 
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red and green lenses have a few inches of 
disturbed bedding with small fragments of one 
lithology included within another. 

The less calcareous and cleaner quartz arenite 
lenses of the Morrison exhibit true cross-bed- 
ding. Some of the more calcareous sandstones and 
sandy limestones owe their cross-bedded aspect 
to their ripple markings (or migrating rolling 
strata). Many sandy limestones without ripple 
marks are in beds more than 2 feet thick, com- 
posed of many parallel laminae averaging less 
than one-tenth of an inch thick. Some of the 
small, more convex silty limestone lenses, which 
are less than 20 feet or so wide but about 1 or 2 
feet in maximum thickness, are a single bed 
with no apparent lamination; other lenses have 
beds 1 or more inches thick separated by very 
thin green mudstone beds. 

The cross-bedded sandier units of the Morri- 
son formation are, in the terminology of McKee 
and Weir (1953, p. 386), large to medium scale, 
low- to very low-angled, and mostly wedge- 
shaped. The lower bounding surfaces of sets 
commonly are curved surfaces of erosion, so 
they fit into McKee and Weir’s trough cate- 
gory, even though the troughs are shallow. 

Oscillation ripple marks are very common in 
the thinner-bedded calcareous sandstones of the 
Morrison formation. There is no apparent pre- 
ferred orientation of the marks; one bed may 
have ripple marks developed at right angles to 
the ripple marks of the bed it overlies. Some 
beds in the Morrison formation have mud 
cracks and rain prints. 

CLOVERLY FORMATION: Bedding in_ the 
Cloverly formation ranges from indistinct in 
the dark-gray bentonitic mudstones to very 
distinct in the sandstone and conglomeratic 
sandstone units. Only the sandstones show any 
bedding in weathered exposures, as the swelling 
of the bentonitic components destroys bedding 
features rapidly, leaving only a general layered 
effect from broad color bands, silicified tuffa- 
ceous mudstones, and the zones of chert and 
calcareous nodules. 

Freshly exposed portions of the bentonitic 
interval clearly show bedding, as in an outcrop 
in a steep bank on the south side of Bear Creek 
about 3 miles above its mouth. Deeply weath- 
ered deposits farther from the creek appeared 
as homogeneous, variegated sandy bentonitic 
mudstones, yet in the fresh cut discrete beds of 
differing rock types were visible. These in- 
cluded pale-purplish-pink and _pale-green 
bentonites in beds less than 1 inch to several 
inches thick, yellowish-green very bentonitic 
siltstones and mudstones in beds a few inches 
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thick, and white to light-gray, muddy-matrixed 
fine-grained sandstones, slightly bentonitic, 
and containing a few galls of bentonitic mud- 
stone in finely laminated beds several inches to 
a few feet thick. Except in some of the benton- 
ites variegation was rare. 

This type of interbedding of bentonites, 
bentonitic mudstones, and fine-grained wackes, 
admittedly difficult to detect in weathered 
exposures, seems to be best developed in the 
interval of dusky-red (maroon of previous liter- 
ature), grayish-purple, and lighter-gray, gum- 
bo-weathering mudstones above the interval of 
conglomeratic sandstone lenses. The overlying 
sequence of variegated to gray mudstones 
capped with the white siliceous and tuffaceous 
mudstone, in turn overlain by the dark-gray 
mudstones at the top of the Little Sheep mem- 
ber, shows no bedding, even in the freshest of 
undercut creek banks. (Minor exceptions are 
bedding locally in the uppermost few inches, 
which might be attributed to reworking below 
the olive-colored wackes of the Himes member, 
and indistinct bedding in the white tuff, which 
may be a secondary feature of selective silicifi- 
cation along several bands.) Some exposures of 
variegated bentonitic mudstones below the 
level of conglomeratic sandstone also show no 
bedding in fresh exposures. 

Good stratification is produced by concentra- 
tion of micaceous minerals and fragments of 
carbonaceous plant debris on the thin lamina- 
tions of brown siltstones and shales which 
locally occur below the level of the conglomer- 
atic sandstones near Hyattville and in Howard 
Gulch. 

Distinct stratification in the conglomeratic 
sandstones is commonly due to both composi- 
tional and color changes; for example, coarser 
beds are chiefly composed of black-chert gran- 
ules. Cross-stratification is predominant (PI. 
3, fig. 3), and the coarser beds most commonly 
are in aligned troughs in which more than one 
cross-set may have approximately the same 
axis. Troughs channeling into the underlying 
mudstones are especially well-aligned. Most of 
the remainder of the cross-sets of this rock type 
are also troughs in McKee and Weir’s (1953) 
terminology, but axes are less well oriented, 
especially in the finest-grained sandstones. 

The upper beds near edges of some finer- 
grained lenses show very shallow-troughed 
cross-sets 1-2 feet thick and 10-15 feet wide 
and long (exceptionally longer). These beds 
are 1 inch thick and concave upward, and all 
have a similar orientation (Pl. 3, fig. 1). The 
sandstone between adjacent sets shows no 
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bedding. In plan view the exposed upper ends the Hime 
of these beds are crescent-shaped. This type of the very ¢ 
cross-stratification is typical of cuspate beaches, Little Sh 
according to G. Rittenhouse (Personal com- The up 
munication, 1955). Cusps are well displayed} Variegate: 
in outcrops south of Crystal Creek on the east member 
flank of Crystal Creek anticline. formation 
Stratification in the Pryor conglomerate Even tho 
member of the Cloverly formation (PI. 3, figs ing whict 
4 and 5) is similar to that in the pebbly sand-} #0n was 
stone lenses of the Little Sheep member. Trough prolonged 
cross-sets are most abundant and commonly weatherin 
have better preferred orientation of axes in any| Sheep m 
one locaiity than is present in the unnamed] © be tra 
lenses of the Little Sheep member. The cuspate- difference 
type bedding was observed only at the south formation 
end of Sykes Mountain, the southeastern edge local lag 
of this tongue. The cusps there are asym- working 
metrical, perhaps owing to currents parallel !¢W inche 
to the shore of the lakes in which they were claystone 
formed. nonbedde: 
Most detectable stratification in the olive-- SYKES 
gray lithic wackes at the base of the Himes Mountain 
member of the Cloverly formation is cross-|thinly in 
bedding. The reddish-brown lithic wackes gen-| siltstone 
erally show better stratification. These trough} quarter of 
cross-sets of reddish-brown sandstone are more disturbed 
shallow and thinner-bedded than those of the|¢ross-lami 
olive-gray sandstone. jconvolute 
The channels of sandstone in the Himes|the other 
claystone display several types of bedding. The|¥@n Stra: 
beds at the base of the largest channels, in sets | Hantzsch 
100 feet or more wide, are as much as 4 feet | flats and ‘ 
thick and contain thinner interbeds of silt-|ancient ti 
stones and shales. Channel-edge contortion of | cal with tl 
the beds into which the channel was cut prob- jwith bede 
ably originated as bank slumps. At the edges | mals, load 
of the wider channels the sandstones are thin-|nels and § 
ner-bedded and interbedded with siltstones The th 
and shales. In contrast, the beds closer to the| Mountain 
middle of the channels are dominantly thicker- farely pla 
bedded sandstones. The narrower channel sand-| No cuspa 
stones have very few or no interbedded finer-| Vere obs¢ 
grained rocks at their edges. The upper beds of The th 
the channel sandstones display a distinctive|Sandy lim 
type of cross-stratification, with sets a few cross-bed¢ 
inches thick of finer-grained beds alternating marks. Os 
with cross-sets several inches thick of coarse-|Present be 
grained cross-beds (PI. 3, fig. 2). sandstone 
Several surfaces of subaerial or subaqueous ing sandy 
(fresh-water) weathering are believed to be/@re also 
present in the Little Sheep and Himes members. | !rom ripp 
The term diastem (Barrell, 1917) may be ap-|Monly dif 
propriate for these surfaces. The most impor- cross-bedc 
tant and widespread diastem is the contact be-|Mediately 
tween these two members, typically developed Directic 
where the olive-gray sandstone at the base of bedding o 
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nds_ the Himes rests with a slightly wavy contact on 
, of the very dark-gray mudstones at the top of the 
1es,| Little Sheep member. 
ym-| The upper contact of the Cloverly, where the 
yed| variegated claystones at the top of its Himes 
ast} member are covered by the Sykes Mountain 
formation, is a transgressive disconformity. 
ate} Even though the episode of subaerial weather- 
figs) ing which preceded Sykes Mountain deposi- 
nd-| tion was not necessarily any more intense or 
igh| Prolonged than any of the earlier periods of 
nly| weathering recorded in the Himes or Little 
iny| Sheep members, the resulting unconformity 
1ed| can be traced extensively because of the marked 
te-| difference in rock type of the Sykes Mountain 
ith formation. This unconformity is also marked by 
ige local lag gravels of “gastroliths” and some re- 
m- working of Himes claystone into the lowest 
Ilel few inches of the Sykes Mountain, where the 
claystone is thinly laminated, in contrast to 
nonbedded leached rock below. 
ve-- SYKES MOUNTAIN FORMATION: The Sykes 
nes; Mountain formation is characteristically very 
yss- thinly interbedded fine-grained sandstone to 
en-|siltstone and shale. The beds, averaging one- 
igh | quarter of an inch in thickness, range from un- 
ore|disturbed with very delicate laminations and 
the|cross-laminations to greatly disturbed, with 
jconvoluted fragments of one lithology within 
nes;the other. Descriptions and photographs by 
“hejvan Straaten (1951; 1954a; 1954b) and W. 
ets|Hantzschel (in Trask, 1939) of modern tidal 
eet flats and rocks inferred to have been formed in 
iIt-|ancient tidal lagoons show stratification identi- 
of |cal with that of the Sykes Mountain formation, 
ob-|With bedding disturbance from burrowing ani- 
ges | mals, load casting, and reworking in tidal chan- 
in-|nels and gullies, or prieles. 
nes. The thicker sandstone units of the Sykes 
the| Mountain formation contain mostly simple, 
er- tarely planar, cross-sets between sets of beds. 
,d-|No cuspate or trough types of cross-bedding 
er-|were observed. 
off The thin, very calcareous sandstones or 
ive| sandy limestones show some thinly laminated 
ew|cross-bedding, largely resulting from ripple 
ing| marks. Oscillation and current ripple marks are 
se-| present both in the thinner beds of the thicker 
sandstone units and in the thin, platy-weather- 
yus|ing sandy limestones. Some interference ripples 
be/are also present. Current direction deduced 
.rs,{{rom ripple marks on any particular bed com- 
yp-| monly differs from the direction deduced from 
or-| cross-bedding or ripple marks in the beds im- 
be-| mediately above or below. 
ed| Directional properties——The few  cross- 
of bedding observations made in the generally less 
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well exposed Morrison formation suggest that 
currents in the northern localities came from 
the north and northwest, whereas those in the 
southern localities came from the southeast, 
south, and southwest. 

Other than in the interval of conglomeratic 
sandstones, no features which might show direc- 
tion of current flow were observed in the Little 
Sheep mudstone member of the Cloverly forma- 
tion. Cross-bedding, axes of scouring-trough 
cross-sets, and channel-filling of conglomerates 
within the sandstones showed current direction 
in the conglomeratic sandstone lenses of this 
member. Pebble imbrication is uncommon, 
perhaps because of high pebble sphericity. As 
the lenses are not uniformly disturbed through- 
out the area, an efficient sampling plan could 
not be employed. The record of all possible 
measurements (Fig. 6) reveals that the most 
consistent trend of stream direction in the 
southern part of the area is from the southwest. 
The middle area includes part of this southern 
pattern and part of the pattern of the Pryor 
conglomerate in the northern area. 

Cross-bedding and trends of channels in the 
Pryor conglomerate member of the Cloverly 
formation show a dominant current direction 
from the west or northwest (Fig. 6). The trend 
is most persistent in the chert-pebble and gran- 
ule beds. Some sandstone beds within the mem- 
ber were transported from other directions, 
especially from the east, nearly opposite that of 
the coarser beds. An example of this change of 
direction is shown clearly in the Red Dome area, 
where the conglomerate beds are more con- 
centrated into channels rather than distributed 
throughout the lower and middle portions of 
the member. The trend of these channels is 
northwest-southeast, and the dip of cross-beds, 
plunge of axes of trough cross-sets, and imbrica- 
tion of pebbles indicate a current dominantly 
from the northwest. These channels of con- 
glomerate are braided through sandstones 
which below the channels are cross-bedded 
chiefly from the northeast, at the level of the 
channels from the east and south and above the 
channels from the southwest to northwest. As 
Red Dome is on the Nye-Bowler lineament 
(Wilson, 1936), numerous fault blocks made it 
impossible to trace individual channels for more 
than a few hundred yards. However, there is a 
marked parallel orientation of channels, even 
with these limitations (Fig. 7). 

Systematic observations of cross-bedding in 
the lithic wacke commonly present at the base 
of the Himes member were limited by the len- 
ticularity of the unit and the obliteration of 
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outcrop detail owing to weathering of its 
swelling-clay matrix. Cross-bedding in sand- 
stone generally indicated a current flowing from 
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tion of flow was almost certainly constant, in- 
dicating fluvial rather than tidal channels. Most 
of the cross-bedded sand was transported by 
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FIGURE 6.—EARLY CLOVERLY 


PALEOCURRENTS, BIGHORN BASIN 


Arrows indicate direction of currents which deposited cross-beds containing pebbles, granules, or sand 
grains of black chert in the Pryor conglomerate member or in the Little Sheep mudstone member of the 
Cloverly formation. Outcrop outline as shown on Figure 1. 


the west and northwest; gray sandy shale chan- 
nel fills also showed current flow from the north- 
west. The variegated claystones have no flow- 
direction properties. 

The sandstone channels in the Himes mem- 
ber show the most unequivocal direction of flow 
in all the formations studied. Their channel 
shapes are unmistakable, with parallel sides, 
flat tops, and convex-downward undulatory 
bottoms. Because the cross-bedding dips only 
one way in each channel, which is in the same 
sense as the current ripple markings, the direc- 


streams from the northeast. Two of the three 
largest streams came from the east, and there 
were a few from other directions (Fig. 8). 

In the large channel exposed north of the 
type Cloverly area the successive thickly 
bedded sandstone lenses are shingled from south 
to north, as the channel was filled behind a 
northward swing of the main current (Fig. 9). 
The beginning of a swing southward is shown 
in the upper beds, which are thinner and more 
consistently cross-bedded. Channel-edge thin 
shale and siltstone beds alternate with the 
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sandstones, representing flood-plain deposition nous accretionary bodies. Some individual nod- 
south of the main channel in its later stages. ules or concretions occur in scattered zones; 

Cross-bedding and cross-lamination are other zones are irregularly shaped but continu- 
present in every thin siltstone and sandstone _ ous layers. Some of the accretions are more ir- 
' 

} 
| 
i 
| = To Bridger 
| sa ot Kt Ks Kt Thermopolis shale 
Kels is and younger. 
Jum, ste Ksm Sykes Mountain fm. 
D ch 2 Cloverly formation: 
U = H ' 
xD cep’ Kolo KO Kp aa Js Keh Himes member 
K 
. Kep um { Kels LittleSheep mud- 
Ksm ‘y' Jm ¥ 
a Js stone member 
Kt RED D “ih 
Kep Pryor conglomerate 
dm % pos member 
Kch Ke Direction of currents 
Ksm whi ited the 
U D quartz arenites. 
.) D —— oe and direction 
To Bowler -» channels in which 
| of Kels ery 77 black chert-pebble 
gravels were de- 
a7 north posited. 
— Jm Js 
~ Jm Morrison formation. 
Kep 
| P Js Sundance formation. 
Oo 41 
| one mile Kt SK Keig = Modified from Wlison (i936). 
| u 
} FiGURE 7.—PRYOR CONGLOMERATE MEMBER PALEOCURRENTS NEAR RED Dome, MONTANA 
Location shown on Figure 6 
| : ; 
bed of the Sykes Mountain formation. No at- regularly shaped and not necessarily concen- 
tempt was made to measure directions of dip, trated in bands. The  white-weathering 
however, for it was assumed that the bedding calcareous concretions or nodules of the Little 
formed under conditions of constantly rework- Sheep mudstone member of the Cloverly for- 
|» . e ° ‘ 3 
| ing tidal waters that depend on wind direction mation weather from the soft mudstones and 
{ as well as the diurnal changes in tides. conspicuously pave the colored gumbo slopes. 
Cross-bedding in thicker sandstones dips to These structures range from less than 2 inches 
the west or west-southwest. The cross-beds also _ to more than 1 foot in diameter (4 to 8 inches is 
formed in a paralic environment, but the spe- average). Although some show the concentric 
cific environment cannot be inferred. The cross- banding of true concretions, others with no 
bedding is not similar to any of the types de- apparent concentric growth pattern are best 
scribed on modern beaches (Thompson, 1937; termed nodules. All are grayish red when fresh, 
McKee, 1951). Perhaps the bedding represents weathering to white, gray, or pink, and have 
’ & g » Sta) ) 
what van Straaten (1951, p. 237) calls lateral botryoidal to rough irregular surfaces. They 
sedimentation in tidal channels. Even if this is leave insoluble residues of very silty pinkish 
true, no valid inference may be made, from the mud. Some are scattered throughout the mass 
present knowledge of modern cross-bedding, of the variegated mudstones, others are con- 
about the direction of land or the direction of | centrated in layers within the mudstone. Very 
the ultimate source of the sediment, except commonly the surrounding mudstones are non- 





that the sand must have traveled in general 
down the regional slope (Pettijohn, 1957, p. 
581). 

Secondary structures.—Secondary structures 
of the Cloverly formation thought indicative 
of the uncommon mode of origin of this forma- 
tion include calcareous, siliceous, and ferrugi- 


peal 





calcareous, especially those mudstones in which 
the calcareous nodules occur in layers. Septarian 
veinlets of orange to white chalcedony were 
present in some of the nodules, and others were 
in various degrees of silicification leading to 
chert concretions. 

Some of the layers of calcareous and siliceous 
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rock are continuous but show colloform growth 
structures of calcite or silica around and be- 
tween masses of formless calcareous or siliceous 


Less widespread cherty beds occur a few feet 
above or below the conylomeratic sandstone 
lenses. 
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FicurE 8.—LATE CLOVERLY PALEOCURRENTS, BIGHORN BASIN 
Larger arrows locate, and indicate current direction of, wide and thick channel-filling sandstones in the 
Himes member of the Cloverly formation. Numerals and smaller arrows show quantity and current of small 
channels in the member. Outcrop outline as shown on Figure 1. 


mudstones rather than primary bedding. Com- 
monly, these layers could be traced laterally 
and observed to grade into a layer of discon- 
nected individual nodules or concretions. 

The most conspicuous and widespread of 
these layers is the nearly white-weathering, 
very light-gray, siliceous tuffaceous mudstone 
near the top of the Little Sheep member (PI. 5, 
fig. 2). It commonly has orange chaicedony 
veinlets through it, bone fragments and well- 
rounded pebbles in its upper few inches, and 
closely spaced joint sets which dictate its 
characteristic crenulated weathering habit. 


An extensive, very calcareous unit a few feet 
above the conglomeratic sandstones locally 
appears to have primary bedding but most com- 
monly consists of reniform masses of closely 
spaced irregularly shaped individual concre- 
tions. 

In some beds of the Little Sheep member are 
lenses a few inches thick and several feet in 
diameter of chert in shades of light yellowish 
green dappled with white or spotted with 
darker green. In thin section the chert is a 
silica-replaced tuffaceous mudstone. 

Very irregularly shaped secondary accretion- 
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w feet ary structures also occur in the Little Sheep 
dstone mudstone member. These cloudy films of cal- 
cium carbonate in the dark-gray, usually non- 
calcareous, bentonitic mudstones at the top of 
the member permeate the mudstones with no 
apparent structural control. Their pearly luster 
results from gray color of the mudstones show- 
ing through the thin translucent white film. 

The most characteristic features of the var- 
iegated claystones and mudstones of the Himes 
member of the Cloverly are the ferruginous 
veinlets, films, blebs, and layers which pervade 
it. These are iron oxides and oxyhydrates, 
chiefly hematite. No rhombs which might 
have indicated original siderite, were observed 
by hand lens or in thin section. Most of the 
ferruginous masses and veinlets have no in- 
ternal structure, but some _pinhead-sized 
spherulites are especially common near the top 
of the formation. 

The Sykes Mountain formation contains 
abundant disk-shaped ironstone concretions of 
limonite after siderite, and some of its black 
shale beds contain zones of dahlite spherulites. 
Cone-in-cone structure is present in sandy, 
finely crystalline limestone beds in the Sykes 
Mountain formation. 
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Petrography 


Composition and texture——Particle textures 
of several representative samples of each forma- 
tion were studied by sieving and pipetting for 
size sorting, by comparison with visual aids for 
shape and roundness, and by direct observa- 
tions for surface textures and orientation of 
fabric. The composition of allogenic and authi- 
genic minerals and of allogenic rock fragments 
as determined by optical (Pl. 4, 5) and by 
X-ray-diffraction methods is summarized ip 
Table 1. 

Special studies —Because of broader implica- 
tions, some analyses of particular compositions 
are reported in detail. 

PEBBLES: The rounded chert pebbles, gran- 
ules, and sand grains of Cloverly rocks are 
mostly black. Some black chert has white-chert 
veinlets, and some contain indistinct outlines of 
fossils, probably bryozoans and corals. Brown 
and gray chert are of secondary importance, 
generally a small percentage of the pebbles at 
any outcrop. Gray-quartzite pebbles are more 
uncommon. In exposures along the western 
edge of the Bighorn Basin, and at some locali- 
ties elsewhere, rare limestone, pink quartzite, 
and phosphate pebbles occur. According to J. 
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D. Love (Personal communication, 1955) 
fossils found in the chert pebbles of conglomer- 
ates at about this level throughout Wyoming 
are preponderantly forms from the Madison 
limestone. Superficially, the chert of the pebbles 
in the Bighorn Basir. is similar to Madison 
chert, but this is not a certain evidence of its 
origin. 

Angular, punky fragments of white chert are 
locally present as pebbles and granules and 
ubiquitous as sand-sized grains in these beds. 
These dull or flat white-chert grains which look 
much like flecks of blackboard chalk commonly 
have smaller quartz or black-chert grains 
pressed into them, or they are molded against 
other grains. Yet they are hard enough to 
scratch steel. They give the X-ray pattern of 
quartz, and under the petrographic microscope 
are seen to be cloudy cryptocrystalline silica, 
with tiny fractures and frothy air spaces, con- 
taining clastic-textured, silt-sized quartz and 
some limonite and clay. No dolomite rhombs 
or fossils were seen. Some of the white chert in 
blocks of cobble size appears identical to chert 
in the lower parts of the Little Sheep mudstone 
member of the Cloverly. Very probably all the 
white angular chert is derived from this intra- 
formational source. Probably the chert formed 
as siliceous hardpans only a short time before 


Pirate 2.—CLOVERLY AND SYKES MOUNTAIN FORMATIONS 


FicureE 1.—Cliffs west of Cloverly, Wyoming, looking west at section Darton (1906a) probably measured. | 


erosion and clastic deposition, so that the 
punky appearance of the fragments probably is 
due to their having been still opaline during 
reworking. 3 

Mud and clay galls in the more sandy beds off | 
the Morrison formation and the Little Sheep 
mudstone member of the Cloverly formation 
apparently were derived from subjacent layers 
A rare type of intraformational conglomerate i 
a marl-granule conglomerate in a lower Little 
Sheep sandstone lens on the southeast end of 
the east flank of Sheep Mountain. Very silty 
microcrystalline calcite pellets and interstitial 
medium- to fine-grained well-rounded quartz 
sand are partly cemented with patches of 
calcite. 

The chert-pebble conglomerates of the Clo- 
verly formation commonly have a pebble- and 
cobble-studded yellowish-green-clay bed im- 
mediately below them. Although less common 
below the Pryor conglomerate, this gravel| 
occurs in scattered localities throughout the 
area studied and is interpreted as a lag-gravel 
deposit. The matrix between the pebbles ranges 
from plastic clay or mud to shale, locally very 
sandy. Pebbles are of pink and white quartzites, 
jasper, white, black, gray, and brown chert, and 
rarely limestones, quartz, and granite. Pebbles | 
are well-rounded, with dull, pitted and etched | 


a 





| 
| 


Frontier and Mowry formations cap hill; ““Muddy sand” is prominent white band in black Thermopolis 
shale. Top of cliff in middle ground is part of Sykes Mountain formation. Cliff is Himes member of Cloverly | 
formation, with a small channel-sandstone lens at left (talus). Gentle hill in lower center in gray bentonitic | 
mudstone of Little Sheep mudstone member of Cloverly formation. 
Figure 2.—Sykes Mountain formation near type locality. Uncommonly good exposure of typically 
thinly interbedded yellowish-brown sandstones and siltstones and gray shales, with some calcareous and 


ferruginous nodules. 


PLATE 3.—BEDDING FEATURES 


FicureE 1.—Crescent-type cross-bedding in upper beds of a quartz and chert sandstone in Little Sheep 
mudstone member of the Cloverly formation, near Crystal Creek. Interpreted as having been beach cusps 
(viewer facing “‘lake’’). Light-meter case about 3 inches across. 

Ficure 2.—Channel-filled sandstone bedding in Himes member of Cloverly formation. Remnant joint 
blocks of upper beds of channel-filling sandstone in Himes member on bluff above Crooked Creek. Note 
persistence of cross-bedding dips within blocks. In bedrock, dips are to west-northwest. 





Ficure 3.—Conglomeratic sandstone, Little Sheep mudstone member of the Cloverly formation near 
Cedar Creek. Cross-bedding dips persistently northeast (left). 

Figure 4.—Pryor conglomerate member of Cloverly formation near Red Dome, Montana, with shallow 
trough-type cross-sets. View approximately along the axes of the troughs which plunge toward observer. | 


Note angular white chert chips in upper beds. 


Figure 5.—Black-chert-pebble-conglomerate beds channeled through yellowish-brown sandstone in 
Pryor conglomerate member of the Cloverly formation near Red Dome, Montana. 
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| surfaces. Those partly weathered out and in 
float reveal that they readily become polished 
under present climatic conditions. 

These pebbles are identical with ‘“gastro- 
| liths” locally concentrated at the tops of the 
| siliceous tuff beds and also scattered through- 
| out the remainder of the Cloverly formation. 
| In the Bighorn Basin none were found in the 
Morrison formation. No evidence pointed to 
the generally discredited hypothesis that these 
were stones used by reptiles to aid their diges- 
tion. Many were similar to rock types in the 
Belt series and Tensleep, Madison, Amsden, 
and Phosphoria formations. The jasper is 
superficially similar to some jasper pebbles 
| found elsewhere in the Cloverly formation of 
| Wyoming which contained fusilinids of a later 
| Permian age than any outcropping Permian 
| yet discovered in the Western Interior (J. D. 
| Love, 1955, personal communication). When 
the pebbles are pried from the mudstones, their 
surfaces generally are rough and dull, but they 
also become smooth and highly polished when 
exposed to weathering conditions. 
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Possibly the present random distribution 
of these pebbles through the claystones and 
mudstones and their concentrations above 
siliceous layers resulted from a diagenetic 
process of “self-tilling” as will be elaborated. 
How the stones arrived in the depositional area 
is not known. Presumably they were washed in 
by rivers in times of seasonal flood, but some 
may have been rafted by floating vegetation, 
or may even have been carried in the stomachs 
of dinosaurs. 


VOLCANIC DEBRIS: 


Volcanic contributions to the Morrison for- 
mation are not readily evident. Some heavy- 
mineral concentrations contained thin, ragged 
flakes of reddish biotite and worn brown horn- 
blende, suggesting some reworking of volcanic 
materials. 

A significant portion of the Cloverly forma- 
tion consists of debris clearly of volcanic origin. 
In fact, the bulk of the formation probably is of 
volcanic origin, the clearest indication of which 
is its bentonite beds. These are most abundant 


PLATE 4.—PHOTOMICROGRAPHS OF THIN SECTIONS 


Figure 1.—Ordinary light, X100. Sandy limestone, Morrison formation, of very fine-grained quartz 
sand in calcite groundmass. A few grains of clastic calcite and a mud grain in upper left. 
| Figure 2.—Crossed nicols, X40. Fine-grained calcareous quartz arenite. Morrison formation. Subangular 
' to subrounded quartz grains, rare chert grains, and subordinate muddy matrix, well-cemented with calcite 


Ficure 3.—Ordinary light, X20. Chert-granule conglomerate of Pryor conglomerate member of Cloverly 


formation. Well-sorted, porous chert granules, with minor interstitial quartz sand and silt. Some patches of 
silica cement. Some grains sutured or molded to one another. Large grain in center crushes several smaller 
grains it touches; cracks radiate from points of contact. 

FicurE 4.—Crossed nicols, 100. Chert-granule conglomerate, Little Sheep mudstone member of 
, Cloverly formation. Vevy well-rounded chert granules, showing some dolomite rhombs, rimmed by stubby 
radiate chalcedony; center of pore filled with radiate microfibrous chalcedony. 


PiaTeE 5.—PHOTOMICROGRAPHS OF THIN SECTIONS, AND TUFFACEOUS MUDSTONE 
OUTCROP 


FicurE 1.—Ordinary light, X10. Cherty tuffaceous mudstone of Little Sheep mudstone member of 
Cloverly pictured in outcrop in Figure 2 of this plate. Fragments of feldspar, mudstone (originally lapilli?), 
quartz, and unidentifiable grains in a groundmass of, and replaced by, cryptocrystalline silica, dusted with 


opaque iron oxides. 
|  Ficure 2.—Cherty tuffaceous mudstone in upper part of Little Sheep mudstone member of Cloverly 
formation, showing typical crenulated weathering from closely spaced joints. 
Figure 3.—Ordinary light, 100. Lithic wacke, Himes member of Cloverly formation. Medium-grained 
rock fragments and some quartz sand in montmorillonite-clay matrix. Streaky laminated, bubbly textured 
| grain (pumice?) in lower center crushed against grain to left. Note trachitic texture of dark grain above 
) center, and felted texture of grain in left center. 
|  Ficure 4.—Ordinary light, 100. Calcareous silty ironstone, Sykes Mountain formation. Black is 
hematite after siderite (note rhombs in lower center and right center); light gray is angular quartz in very 
fine-sand and coarse-silt sizes. Slightly darker gray is calcite (veinlet across upper left, patch in lower right). 
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through several feet of the Little Sheep mud- 
stone member above the chert-pebble con- 
glomeratic sandstones, where individual 
bentonites ranging from about 1 inch to about 
2 feet thick weather to the characteristic gumbo 
hills. Bentonite beds in the Himes member 
usually weather white, with a horizontally 
layered aspect contrasting strongly with the 
vertical flutings to which the reddish and yel- 
lowish-brown claystones weather (PI. 2, fig. 1). 

In thin section, a number of the lithic frag- 
ments in the sandstones at the base of the 
Himes member are clearly of volcanic origin 
(Pl. 5, fig. 3). These grains show textures 
clearly, but mineral identification is difficult 
owing to alteration. Most phenocrysts which 
can be identified are twinned plagioclase and 
partly chloritized biotite. Other distinct pheno- 
crysts less readily identified probably are un- 
twinned feldspars, chloritelike platy minerals, 
and brown to green alterations of ferromag- 
nesian minerals. More common than the grains 
having porphyritic textures are those with 
unidentifiable microlites (feldspars?) in hyalo- 
pilitic or, more commonly, trachytic textures. 

In the siliceous mudstones and sandstones of 
the Little Sheep member, and less commonly 
of the Himes member, silica precipitated around 
the clastic particles preserves their textures. 
Tuff and lava fragments, feldspar and biotite 
euhedra, and pumice ash and lapilli are visible 
in some specimens. 

In addition to the criteria mentioned, other 
less certain evidences of volcanic additions to 
the Cloverly formation exist. Abundant in the 
sandstones at the base of the Himes member in 
particular, but also sparingly present through- 
out most of the Little Sheep and Himes sandy 
mudstones, are clay masses of sand size with a 
cellular or bubbly texture similar to what 
Waters and Granger (1953, Fig. 3) called de- 
vitrified pumice, now altered to montmoril- 
lonite. Other lithic fragments have indistinct 
textures which are similar to those of welded 
tuffs, trachytic lavas, glass shards, and vitro- 
clastic tuffs; however, they may well be fine- 
grained nonvolcanic rock, such as shales or 
phyllites. 

Another suggestion of volcanic debris is the 
abundance of the mineral montmorillonite. 
Montmorillonite in grains having relict vol- 
canic or suspected volcanic textures was al- 
However, the greatest 


ready mentioned. 


amount of montmorillonite as seen in oil-ground 
thin sections occurs as textureless clay, either 
massively developed in the mudstones or as 
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a matrix of some sandstones. A common source 
of montmorillonite is altered volcanic glass 
(Waters and Granger, 1953, p. 6; Grim, 1953, p. 
357; Ross and Hendricks, 1945; Allen, 1944). 

The siliceous layers are another possible, 
yet inconclusive, indication of volcanic activity 
in the source area. Much of the silica is still 


isotropic but has a higher refractive index than | 


opal. Furthermore, variegation in pastel shales 


of purple, pink, maroon, and green has been| 
attributed to volcanic debris (Waters and| 
Granger, 1953, p. 2; John Clark, personal com- | 


munication). 





The heavy-mineral suite of some of these | 


montmorillonite-matrixed sandstones includes 
fresh hexagonal biotite flakes, apatite, con- 
siderable magnetite (many octahedron euhe- 
dra), abundant euhedral zircon, brown horn- 
blende, garnet, and sphene. There is also a 
large amount of sodic plagioclase in the light- 
mineral fraction. Admittedly these might well 
have been derived from an intrusive acidic 
igneous terrain rather than a volcanic one. Yet 
the feldspar, biotite, apatite, euhedral mag- 
netite and zircon, and hornblende are present 
in some of the silicified tuffs. Weeks (1953) 
considers biotite, apatite, and euhedral zircon 
suites in the Brushy Basin member of the 
Morrison formation to have been derived from 
crystal tuffs. 

Cretaceous formations succeeding the Clo- 


. . ° . \ 
verly formation have received volcanic material 


also. The Thermopolis shale is a black ben- 
tonitic clayshale containing numerous individ- 
ual bentonite beds; its middle “Muddy” sandy 
member contains abundant fresh biotite flakes 
and lithic volcanic grains. The silica of the 
Mowry shale has been attributed to a volcanic 
origin (Rubey, 1929); moreover, the Mowry 
contains thick bentonite beds in the Bighorn 
Basin. The Frontier formation contains vol- 
canic grains, and the top of its Torchlight 
sandstone member is a lag-gravel bed with 
abundant pebbles and cobbles of andesite. 

Other authors have described volcanic 
contributions to these Bighorn Basin rocks or 
their correlatives (e.g., Pierce, 1948, in south- 
central Big Horn County, Wyoming; Knappen 
and Moulton, 1931, bentonites and andesitic 
sandstones and agglomerates in southern 
Montana; and Love et al., 1945, thin ben- 
tonites from central Wyoming). In the Colorado 
Plateau Waters and Granger (1953) have 
described the possible bearing of abundant 
volcanic debris on the origin of the uranium 
ores. 


—_— 
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PETROLOGY 


Deposition of the Cloverly formation oc- 
curred during a continuing orogeny on the 
West Coast. The volcanic activity of that 
orogeny may well have been a source of much 
of the windborne ash. 


HEAVY MINERALS: 


The most obvious feature of the minor 
accessory mineral suites of these formations is 
the abundance of opaque grains. Except in the 
conglomerates, these grains usually total more 
than 60 per cent of each sample. Next most 
common minerals are zircon, tourmaline, and 
garnet (Table 1). 

Of particular interest are the heavy minerals 
in the Himes member. As pointed out, the 
Himes lithic wackes had several accessory 
minerals which strongly suggest volcanic 
origin. Much of the sphene and leucoxene is 
encrusted with pale-yellow needles of authi- 
genic rutile. These suites closely resemble those 
of the middle sandy member of the Ther- 
mopolis shale. 

Channel-filling sandstones of the Himes 
member which trended east-west (Fig. 8) 
contain abundant staurolite, some garnet, and 
leucoxene in amounts about equal to black 
opaque grains. In contrast, those sandstones 
with sources from the north or south have a 
high ratio of leucoxene to black opaque grains 
and little if any staurolite or garnet. 

If roundness of the suites is arbitrarily 
defined as the percentage of rounded and 
subrounded (including grains subsequently 
broken) tourmaline and zircon in all tourmaline 
and zircon grains, most of the samples are 
60-85 per cent rounded. The less rounded 
suites are from some of the Himes channel 
sandstones, the Sykes Mountain formation, 
the middle sandy member of the Thermopolis 


the Himes formation, which are less than 10 
per cent rounded on this arbitrary scale. 

Abrasion-resistant minerals, such as tourma- 
line, staurolite, sphene, and garnet (Pettijohn, 
1957, p. 558-561), are more common in these 
suites than the easily worn ones, such as 
monazite, kyanite, apatite, and rutile. An 
exception again is the basal lithic wackes of 
the Himes member of the Cloverly formation. 

Disregarding the minerals of more question- 
able origin, as well as the authigenic minerals, 
most of the heavy minerals of these formations 
came from pre-existing sedimentary rocks; in a 
few instances there were additions from meta- 
morphic and pegmatitic rocks or from acidic 
igneous rocks (Fig. 10). 
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CLAY MINERALS: 


X-ray-diffraction procedures of Johns, Grim, 
and Bradley (1954) were employed to deter- 
mine the mineral composition of the clay and 
finest silt-sized fraction of about 50 samples 
from the Sundance, Morrison, Cloverly, Sykes 
Mountain, and Thermopolis formations. 
Results from the same X-rayed slide varied 
slightly on repeated runs (perhaps due to 
interrupted use of the X-ray machine), so that 
quantitative analyses by the Johns, Grim, and 
Bradley method would probably be suspect. 
Nevertheless, the qualitative results are plotted 
on Figure 11 so that the heights of the lines 
representing the various clay minerals are 
proportional to the amplitudes of the X-ray 
peaks for the basal spacings along the c axis 
of the clay minerals. In 2 @ angles for nickel- 
filtered copper radiation, these were 5.2° for 
glycolated montmorillonite, 6.1° for chlorites, 
8.8° for the 1-Md muscovites, or illite (Yoder 
and Eugester, 1955, p. 253; Foster, 1956, p. 64), 
and 12.3° for kaolinite. No other clay minerals 
were detected. 

Nonclay minerals present in the fine fraction 
include chiefly quartz, some calcite, and rarely, 
feldspars, cristobalite, and hematite. 

Sandstone matrix from the uppermost 
Sundance formation, with glauconite carefully 
excluded, contains only kaolinite and mont- 
morillonite as layered silicates. 

In summary (Fig. 11), Morrison clay is 
mostly illite. Montmorillonite is overwhelm- 
ingly abundant in the Cloverly formation, 
except for the matrix of the chert-pebble con- 
glomerates and channel-filling sandstones, and 
for the Himes claystone, which is kaolinite. 
Samples from the Sykes Mountain formation 
are mixtures of kaolinite and other clays. The 
Thermopolis shales were mostly montmoril- 
lonite. 

Sedimentary rock families.—Some interest- 
ing features of the rocks of this study become 
most apparent when related rock types are 
compared with one another as well as with 
recent sediments or older rocks described by 
other authors. Rock nomenclature used gen- 
erally follows Gilbert (i# Williams, Turner, and 
Gilbert, 1954) except that the arenite-wacke 
distinction is placed at 15 per cent matrix and 
all silt is considered matrix. 


SANDSTONES AND CONGLOMERATES: 


Sandstones of the Morrison formation are 
predominantly calcareous quartz arenites to 
calcareous quartz wackes. Compared with the 
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SEDIMENTARY SOURCE 





Collophane, leucoxene, and rounded ° 2 


rutile, tourmaline, and zircon 










TOTAL 
40% 1% 


from north or 


u 


3 Cloverly fm. Himes mbr, channel! sandstones frome 


{ Thermopolis shale, “muddy sand 


2 Sykes Mountain formation 





METAMORPHIC AND PEGMATITIC 


basal lithic wackes 


dumortierite, 


blue-green hornbiende, 


chloritoid, 


Chiorite, 


IGNEOUS SOURCE 


ss. and mds. 


Little Sheep mds. mbr,, 


fluorite, 


(vdcanic or acid intrusive) 


chert-pebble conglomerates 








sillimanite, spinel, and 


kyonite, 


Apatite, biotite, common and 











vy 

c 

o 

o 

c 

e 

c= 

a 

* 

2 § 

| Rs 

BN 

c 

$= 

3 

5°? 

o = 

E 2 

a ®@ 

= 

2 

E 

® 

Pd 

o 

— 

ty 

€ 

° 

i) 

€ 

ae 

~ i = 

—« = 

oc 2g 

EES 
° 
a 

2 o 
c Vv 
oe ¢€ 
£2 
.- 2 

°° = 
o 3 
=z” 

oon o 


staurolite. 








FicurE 10.—HEAvy-MINERAL PROVENANCES 


1 undiagnostic species excluded 


igenic anc 


Auth 





other sa 
are chi 
quartz | 
(Pl. 4, 
formati 
1955), 
calcite 
than th 
erate fa 
Westwa 
Sand: 
membet! 
quartz 
chert p 
where f 
mineral 
wackes. 
study, | 
terized 
cement, 
and by 
angular 
coarser 
membe! 
part if | 
The 
Pryor « 
formati 
rocks d 
are sin 
(Knapp 
Pryor } 
of the s 
Sand: 
Clover! 
unlike | 
wackes 
quartz 
wackes 
Some o 
oil-grou 
morillot 
The 
more cé 
less me 
These s 
sandy 1 
fit desc 
formati 
Grange 
firmly i 
they wo 
Turner, 
Most 
in the ] 
for som 





PETROLOGY 


other sandstones studied, those of the Morrison 


' are characterized by a high percentage of 


quartz grains and abundance of calcite cement 
(Pl. 4, fig. 1). Compared with the Morrison 
formation of the Colorado Plateau (Craig et al., 
1955), these rocks contain more authigenic 
calcite and less detrital feldspar and chert 
than the Salt Wash member and no conglom- 
erate facies such as are present in parts of the 
Westwater Canyon and Recapture members. 
Sandstones in the Little Sheep mudstone 
member of the Cloverly formation are chiefly 
quartz arenites with varying admixtures of 
chert pebbles, granules, and sand. Cements, 
where present, include calcite, silica, and iron 
minerals. Some finer-grained sandstones are 
wackes. Compared with the other rocks of this 
study, the Little Sheep sandstones are charac- 
terized by the common occurrence of silica 
cement, by an intermediate degree of sorting, 
and by the presence of rounded black- and 
angular white-chert grains (PI. 4, fig. 4). Their 
coarser facies closely resemble the Pryor 
member lithologies, of which they would be a 
part if lateral continuity could be established. 
The conglomerates and sandstones of the 
Pryor conglomerate member of the Cloverly 
formation (PI. 4, fig. 3) are the coarsest-grained 


' rocks described in this study and apparently 


are similar to the Cloverly conglomerate 


| (Knappen and Moulton, 1931) north of the 
, Pryor Mountains. Undoubtedly they are parts 


of the same unit. 

Sandstones in the Himes member of the 
Cloverly formation are two distinct types, 
unlike most other sandstones studied. Lithic 
wackes occur at the base of the member; 
quartz arenites were deposited later. The 


| wackes contain a montmorillonite-rich matrix. 


Some of the bubbly textured grains seen in 
oil-ground thin sections may also be mont- 
morillonite. 

The upper reddish-brown wackes contain 
more cement (ferruginous and calcareous) and 
less matrix than the lower olive-gray ones. 
These sandstones closely resemble the middle 
sandy member of the Thermopolis shale and 
fit descriptions of some Morrison and Chinle 
formation sandstones reported by Waters and 
Granger (1953). If these rocks were more 
firmly indurated and their matrix chloritized, 
they would be graywackes (Gilbert, 7 Williams, 
Turner, and Gilbert, 1954). 

Most of the very well-sorted quartz arenites 
in the Himes member are uncemented, except 


| for some iron and manganese oxides, especially 
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in the uppermost and lowermost beds. Perhaps 
a calcite cement has been removed by present 
weathering conditions. However, the freshest 
rock observed, in the southernmost quarry near 
Gypsum Creek (Fig. 8) has some silica, but no 
calcite, cement. Aside from the lack of cement, 
these sandstones resemble other rocks called 
quartz arenites by Gilbert (tn Williams, Turner, 
and Gilbert, 1954) and orthoquartzites by 
Pettijohn (1957). 

The sandstones of the Sykes Mountain 
formation are quartz arenites, commonly 
calcareous and ferruginous. These rocks 
generally resemble the quartz arenites of the 
Himes member of the Cloverly, although they 
tend to be better cemented, thinner-bedded, and 
finer-grained. Sykes Mountain sandstones 
resemble the thicker sandstone members of the 
South Platte formation (Waagé, 1955), al- 
though they are apparently thinner and less 
widespread, 

Some sandstones, analyzed by the point- 
count method, are plotted on Figure 12. 


MUDSTONES: 


Fine-grained detrital rocks of the Morrison 
formation are greenish brown and _ reddish 
brown, slightly fissile, and universally cal- 
careous. Bedding is common, but secondary 
structures are very rare. They are similar to 
the mudstones of the Eocene Willwood forma- 
tion (Van Houten, 1948) and of the lower 
members of the Colorado Plateau Morrison 
formation (Weeks, 1953; Waters and Granger, 
1953). 

Mudstones of the Little Sheep mudstone 
member of the Cloverly formation are char- 
acteristically bentonitic and variegated. Fis- 
sility and primary structures are rare, whereas 
secondary structures are abundant. Mudstones 
of this type are found only very rarely in the 
units above and below. 

These variegated rocks resemble the Brushy 
Basin member of the Morrison formation of 
the Colorado Plateau (Stokes, 1944; Craig et al., 
1955) and the Burro Canyon and Cedar 
Mountain formations of the same area (Stokes, 
1944; 1952). In their colors and calcareous 
nodule content, they resemble parts of the 
Oligocene formations of Nebraska, described 
by Schultz, Tanner, and Harvey (1955), who 
suggested that these rocks are buried soils 
(paleosols). 

Even more strikingly, these Mesozoic rocks 
resemble soil profiles (Mohr and Van Baren, 
1954) currently forming on slightly permeable 
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100; %*of sample. 
' 
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FiGurRE 11.—CLay MINERALS 


Key: 
THERMOPOLIS SHALE 


1. “Muddy sand’’, west of Cloverly 
2. ‘““Muddy sand”, lower Bear Creek 
3. Clayshale, Shell dome 

4, Clayshale, west of Cloverly 
SyYKES MOUNTAIN FORMATION 


5. “Paper” shale, west of Cloverly 


CLOVERLY FORMATION 
Himes Member 


10. Claystone, upper Bear Creek 
11. Sandy mudstone, Shell dome 


. Claystone, west of Cloverly 

. Mudstone, Red Dome 

. Bentonitic mudstone, west of Cloverly 

. Claystone, south of Cedar Creek 

. Uppermost claystone, Lovell Clay Products pit 


6. Shale, southwest of Cloverly 


17. Claystone, 2 feet below 16 


7. Siltstone, upper Bear Creek 18. Claystone, 9 feet below 16 
8. Shale, Shell dome 19. Claystone, 14 feet below 16 
9. Basal claystone, Lovell Clay Products pit 20. Quartz arenite, south of Cedar Creek 


(Continued at the foot of next page) 
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PETROLOGY 


volcanic ash, under savannah conditions of 
seasonal rainfall and hot temperatures, in 
seasonal lakes and swamps. For example, Mohr 
and Van Baren (1954, p. 323-326, Fig. 66) 
describe a senile profile of black, montmoril- 
lonitic, noncalcareous clay, with filmy veinlets 
of calcium carbonate and calcareous nodules 
(or “kanker”) underlain by a white silica- 
cemented tuff. This association corresponds in 
every detail with the uppermost part of the 
Little Sheep mudstone member of the Cloverly 
formation. Such soil does not develop a distinct 
profile because when the lakes dry up, large 
deep cracks form, into which the surface clods, 
as well as pebbles, bones, and other debris, 
may fall, and thus be mixed at any horizon. 
Lower mudstones of the Little Sheep se- 
quence fit descriptions by Mohr and Van 
Baren of other similar soils that are somewhat 
less mature or were formed under different 
conditions of drainage or on different parent 
ash. The pale-gray and pastel colors, the zones 
of irregular chert or calcareous nodules, 
gypsum, sandstone or ash interbeds, and the 
development of montmorillonite are all typical. 
Equally striking is the similarity of the 
claystones and mudstones of the Himes member 
of the Cloverly formation to present soils also 
forming under savannah climatic conditions but 
developed on more permeable ash in better- 
drained environments (Mohr and Van Baren, 
1954, p. 309-322, Pl. D, Table 98). Characteris- 
tic features of both are the reddish- and yellow- 
ish-brown colors mottled with gray, the 
development of veinlets, threads, and hardpans 
of iron oxyhydrates, the absence of bedding, 


| and the formation of kaolinite as the chief clay 


mineral. 
The fine detrital rocks of the Sykes Mountain 
formation are gray shales grading to black 
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clayshales, and yellowish-brown siltstones. As 
pointed out, fragments of one lithology are 
commonly incorporated in the other, and these 
siltstones and shales resemble recent tidal-flat 
deposits. 

Hand samples of mudstones of the Morrison 
are commonly of but one lithology and color, 
whereas those of the Cloverly are of one lithol- 
ogy but with variegated colors and those of the 
Sykes Mountain formation are of two inter- 
mixed lithologies and colors. 


CHEMICAL ROCKS: 


Chemical rocks of the Morrison formation 
are primary carbonates, ranging from nearly 
pure limestones to calcareous sandstones and 
mudstones. 

In the calcareous sandstones and sandy 
limestones, calcite crystals poikilitically enclose 
several quartz grains. In some limestones, 
polycrystalline calcite grains are about the 
same size as the adjacent quartz grains, all 
poikilitically enclosed by larger calcite crystals 
(Pl. 4, fig. 2). This texture suggests that much 
of the calcite was fragmental and sorted with 
the detrital quartz. 

Authigenic silica is characteristic of the 
Cloverly formation, although calcite, iron 
oxides, and some sulfates (barite and gypsum) 
are also present. In contrast to the uniformly 
widespread distribution (distribution on a 
hand-sample scale is uneven) of calcite and 
iron oxide in some units, silica is concentrated 
in layers where it cements and replaces detrital 
pebbles, sand, and mud. Similar ‘welded 
cherts” occur in the Morrison formation near 
Cafion City, Colorado (Fredrickson, De Lay, 
and Saylor, 1956; see also Ogden, 1954). Clays 
of Cloverly mudstones are mostly authigenic. 





21. Quartz arenite, Horse Center anticline 

. Quartz arenite, Cottonwood Creek (east rim) 
. Quartz arenite, Gypsum Creek 

. Lithic wacke, road to Sunlight Basin 

. Siltstone, north end of Sheep Mountain 

. Lithic wacke, west of Cloverly 

27. Lithic wacke, Black Butte 

Pryor conglomerate member 

28. Conglomeratic sandstone, Gypsum Creek 
29. Conglomerate, east of Warren 

30. Conglomerate, Line Creek 


| Little Sheep mudstone member 


31. Conglomeratic sandstone, Horse Center anti- 
cline 

32. Conglomeratic sandstone, Cedar Creek 

33. Sandstone, Cedar Creek 

34. Sandstone, Cedar Creek 

35. Bentonitic mudstone, upper Bear Creek 


. Uppermost mudstone, Cedar Creek 

. Bentonite, upper Bear Creek 

8. Bentonitic mudstone, upper Bear Creek 

. Siliceous mudstone, Shell dome 

. Bentonitic mudstone, Black Butte 

. Carbonaceous shale, Howard Gulch 

. Gastropod limestone, lower Crystal Creek 

. Mudstone in “kankar” nodule, Cedar Creek 


MorrisON FORMATION 


44. Calcareous quartz arenite 

45. Calcareous mudstone, Cedar Creek 

46. Gastropod marlstone, East Fork of Sand Draw 
47. Calcareous quartz wacke, Red Dome 

48. Calcareous mudstone, Sykes Mountain 


SUNDANCE FORMATION 


49. Glauconitic sandstone, lower Bear Creek 


50. Coquinoid sandstone, Sykes Mountain 
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FicuRE 12.—SANDSTONE CoMPOsITION AND TEXTURE RELATED TO MATURITY AND FLunitTy 


am and nomenclature of sandstones based largely 


. 1954.) 


PETROLOGY 


» Limestone occurs as a few primary beds but 
more commonly as accretionary bodies. 

Authigenic iron minerals are very common in 
the Sykes Mountain formation. Ironstone beds 
are abundant, and the hematite or limonite pres- 
ent is a replacement of earlier siderite (Pl. 5, 
fig. 4). 


Petrogeny 


Morrison formation.—lllite in sedimentary 
rocks may have formed in marine environments 
or may have been derived from weathering of 





(Construction of diagr 


on Figures 96 and 97 of Gilbert im Williams, Turner, and Gilbert 


pre-existing marine shales (Van Houten, 1953). 
Keller (1953) has suggested that illite may also 
be formed in lakes with unique concentrations 
of salts and cites the occurrence of illite in 
lacustrine (charophyte-bearing) beds of the 
Morrison formation of the Front Range. 
Although a bed containing nonmarine, non- 
pulmonate gastropods in the Morrison forma- 
tion of the present study contained illite, one 
with gastropods in the Little Sheep mudstone 
member of the Cloverly contained mont- 
morillonite. Moreover, illite occurs in the 
Morrison stream-channel deposits as well as in 
the lacustrine beds. This suggests that illite 
in the Morrison of the Bighorn Basin has been 
reworked from older illite-bearing rocks. 
Probably most of the red pigment of the 
Morrison mudstones was inherited either from 
thoroughly weathered rocks in the source area 
or from existing red rocks there. Iron minerals 
of the red muds deposited in lakes, swamps, 
and streams were reduced to green colors, 
whereas red colors were retained in the over- 
bank beds (see also Van Houten, 1948), 
Cloverly formation.—According to the dep- 
ositional curves of F. Hjulstrom (in Trask, 
1939), and assuming generally no turbidity 
flows, streams that eroded the earlier-formed 
Little Sheep mudstones and transported the 
chert pebbles and granules in the Little Sheep 
and Pryor members probably moved at veloci- 
ties greater than 100 cm/sec (3.2 ft./sec.). Some 
interbedded fine sands in even laminae pre- 
sumably were deposited at less than 5 cm/sec. 
A similarly great difference between a 100 
cm/sec velocity presumably necessary to 
erode channels in the clays of the Himes 
member and the 10 cm/sec velocity necessary 
to permit deposition of sands in these channels 
indicates a large variation of stream discharge, 
probably of seasonal nature. Data for velocity 
of savannah-type streams are not available, 
but the studies of Leopold and Maddock 


=> 
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(1953) for streams in semiarid regions and of 
Leopold and Miller (1956) for ephemeral 
streams in New Mexico show velocities for 
streams which have the necessary range of 
values. 

Hjulstrom’s results are interesting when 
applied to the lowest beds of the Himes mem- 
ber, which are sandstones lying on a slightly 
wavy upper surface of Little Sheep mudstones, 
with no significant erosional interval. These 
lithic wackes could have been transported and 
deposited by streams whose velocities (about 
7 cm/sec) would have been much too slow to 
have eroded the underlying dark-gray mud- 
stones (about 60 cm/sec necessary). 

Conditions of fluidity which produce cross- 
bedding also produce good sorting. Yet these 
poorly sorted lithic wackes at the base of the 
Himes member commonly show cross-bedding. 
If much of their montmorillonite matrix, as 
seen today, had originally been vitric lapelli in 
a better-sorted sediment, this association 
would seem less contradictory. 

The resemblance of Cloverly rocks to some 
tropical soils, noted heretofore, probably in- 
dicates a tropical-weathering origin. If the 
Cloverly rocks are attributed to katamorphism 
of ash, some further observations of Mohr and 
Van Baren (1954, Chapters IX, X) about the 
genesis of present-day soils suggest parent 
material, drainage, climate, and other factors 
of Cloverly deposition. 

Such features as lime concretions, color 
mottling in black, olive-green, yellow, and violet 
colors, siliceous layers, and montmorillonite 
clay are attributed to hot, swampy and lacus- 
trine environments which may (black) or may 
not (other colors) dry out and be aerated in 
the dry season when alkaline ground water 
ascends. This conclusion fits well with the 
observed lithologies of the Little Sheep mud- 
stone member. 

With more permeable parent material, such 
as stream-deposited volcanic or tuffaceous 
sandstones or coarser pyroclastic rocks in a 
hot region of seasonal rainfall and flooding, 
having good ground-water movement or wet- 
season drainage and dry-season ascent pro- 
ducing ‘‘amphibious” weathering, the soils are 
characterized (in the terminology of Mohr and 
Van Baren) by streaky threads, hardpans, 
veins, and small concretions of iron oxyhy- 
drates, mottled grayish-yellow colors, and the 
development of kaolinite. These features are 
all conspicuous in the Himes member. 

Sykes Mountain formation.—Primary sid- 
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erite, indicated by rhombic outlines of the 
secondary iron oxides in thin section (Pl. 5, 
fig. 4), indicate a depositional environment in 
a slightly negative Eh and pH less alkaline 
than 7.8, with considerable ionic or colloidal 
iron present, according to the calculations of 
Krumbein and Garrels (1952). The interpreta- 
tion of reducing environment is supported by 
the presence of pyrite and carbonaceous plant 
remains, although some aeration must have 
been possible in beds reworked by burrowing 
organisms, Of the mixture of clay minerals 
present, kaolinite is most common, as might be 
expected. The montmorillonitic shales of the 
overlying Thermopolis shale indicate the 
change to less-reducing conditions. In either 
formation the lack of illite, so common in 
marine rocks, perhaps was due to a high con- 
centration of ferrous iron (or its proxy, mag- 
nesium) or to a lack of potassium ions (Mohr 
and Van Baren, 1954, p. 204-209). 

Alkalinity and increased oxidation potential 
during later diagenesis is evidenced by oxide 
replacement of siderite, and later calcite as 
cement and veinlets. 

Physical environment.—Morrison and Clo- 
verly-type deposition was extensive, affecting 
an area about 1400 miles north to south 
and about 800 miles east to west. This suggests 
that the area was near sea level; today’s 
hy *:ometric curve shows very little of the 
earv .’s surface more than a few hundred meters 
in elevation, and the higher elevations are 
nearly all areas of rugged relief and erosion. 
These extensive formations suggest a broad 
area of low relief, with aggradation in shallow 
lakes and rivers. 

It is known that the seas existed both to the 
north and to the southeast of the region. The 
western land area of deeply weathered quartz, 
chert, and illite-bearing sedimentary rocks had 
behind it an orogenic and volcanic terrain. 
The mature sediments of the Morrison and 
most of the Cloverly were derived from the 
former provenance, the Cloverly and later 
volcanic pyroclastic and epiclastic sediments 
from the latter. To the east and northeast the 
continent was low-lying, probably chiefly 
covered with sedimentary rock, but perhaps 
the Canadian Shield was exposed in part. There 
were no “Ancestral Bighorns”, because pebbles 
of quartzite, phosphate, chert, red sandstone, 
granite, and amphibolite, and feldspar grains 
are missing in the easterly derived Himes 
channel fillings. 

Some direct inferences may be made about 
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the climate in the depositional area. There was , 
at least enough moisture for development of 
lakes and rivers, with a fauna of dinosaurs, 
crocodiles, and turtles. Plant fossils, normally 
good climatic indicators, are rare, but there 
were trees over 55 feet high, and swamps 
supported rushlike plants. However, gypsum 
and calcite indicate times of dryness. If much | 
of the Cloverly formation was developed as | 
successive soil profiles, analogy with present 
soils indicates they were formed in a climate 
of hot year-round temperatures and moderately 
high rainfall interrupted annually by a 2- or 
3-month dry season, that is, a savannah | 
climate. A postulated climate of this type is | 
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compatible with all other observed features of } deeper | 


these formations, whereas proposals of other | 


climatic types are inadequate on one or more | 
points. 
It cannot be determined whether _ this 


savannah climate was due to the summer shift 
poleward of the wet unstable equatorial air 
masses alternating with the winter shift 
equatorward of the dry stable subsiding trade 
winds or, as suggested by Sheldon Judson 
(Personal communication, 1956), to a monsoon 
cycle of wet summer air masses moving onto 
the continent, and dry winter air moving out 
of the continent. The postulated paleogeog- 
raphy would be acceptable to either theory. 
The general environmental conditions out- 


lined occur today in the Gran Chaco of Para- } 


guay, northern Argentina, and southeastern 
Bolivia. The available descriptions of the Chaco 
also suggest additional detailed features that 
may have prevailed during Morrison and 
Cloverly time.! 

The Gran Chaco is a vast lowland plain 
below 700 feet elevation in most places, rising 
westward 8-10 inches per mile to the base of 





the Andean foothills, and extends about 1400 
by 700 miles. It is a region of scrub forest 
interspersed with grassy savannahs, lakes, and 
fresh-water swamps, but with a pronounced 
winter dry season, characterized by parched 
and brown landscape and cracked soil. During 
this season all but two rivers are intermittent 
and water becomes too saline to drink (Grubb, 
1919). In the middle of the spring the rains 
start, and by summer vast areas in the eastern 
portions are flooded a foot or more in dept 

in the somewhat drier west, flooding occurs 
only near the courses of the few streams. 


'Lugn (1941) suggested a Chaco-like environ- 
ment for some Miocene beds of the High Plains. 
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PETROLOGY 


Rivers follow braided and shifting courses, 
changing position each year during high 
water, sometimes changing the patterns of 
their channels radically (James, 1942, p. 308- 
309). Carlson (1936, p. 166) describes the 
Argentine Gran Chaco as follows: 


“The Gran Chaco... Plain... filled with debris 
from adjacent highlands... most... apparently 
| transported from the Andes on the west... Only a 
few streams make their way across the flat land... 
Along major rivers are broad swamps, or malezais, 
and lagoons, or lagunas. During the rainy summers 





the flood waters convert these features into great 
lakes and completely obscure the drainage lines. In 
places are great depressions, called banados, that 
are filled with water during the time of flood, but 
are baked mud flats in dry seasons. Some of the 
deeper banados contain water at all times.” 


Carlson continues (p. 209) about the Para- 
| guayan Gran Chaco: 


“The Chaco landscape contains forested areas, 
great swamps, extensive plains studded with the 
fan-leaf palm ...and areas of desert plants. Most 
of the region is flat with a mean height above sea- 
level of about 450 feet. The surface soil is void of 
stones; it is sandy-textured in the southern part 
and heavier, or more clayey, nearer the Paraguay 
River. 

“The annual precipitation at Chaco has been 
estimated at about 54”. Drought and abnormal 
floods are frequent. In the south the average summer 
temperature is about 72°F., and in the north about 
75°F. However, the temperature in summer often 
rises above 110°F., while in winter it falls below 
freezing. Probably the most distressing climatic 
conditions are the hot north winds that blow quite 
frequently during the summer.” 


Ahlfeld (1946, p. 52-53) points out that the 
Chaco in Bolivia is covered with alluvium 
derived from the Andes and from the Brazilian 
Shield. Some magnesium sulfate lakes exist 
where rainfall is slight. 

The late Quaternary and Recent sediments 
of the southern Chaco are described by Hager- 
man (1936, p. 159-160, Pl. 3) as orange, brown, 
and in some places reddish, pooily sorted sandy 
clays. He believes that some types of strati- 
fication indicate uniform, lacustrine sedimen- 
tary conditions, whereas other deposits are 
fluvial. In general these sediments are less than 





| 20 m thick and were derived from Triassic 


red sandstones, with some Andean airborne 
volcanic ash. These deposits are underlain by 
about 15 m of early Quaternay conglomerates, 
which unconformably overlie late Tertiary 
brown conglomeratic sands and clays washed 
from the Andes. 

Tectonic environment.—Although numerous 
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authors have attempted to show a relationship, 
there is not yet a firm basis for the existing 
schemes relating sedimentation and tectonics 
because none of the current tectonic syntheses 
fit the recent discoveries and interpretations 
about the nature of the Earth’s crust and its 
structures or recently revised opinions of 
geologists about the most probable types of 
tectonic processes. Nevertheless, the following 
generalities are valid. The Bighorn Basin 
deposits of this report accumulated on a stable 
continental crust in a nonmarine environment 
which prevailed from the retreat of the epeiric 
Sundance sea until the return of the Cretaceous 
seaway. Significantly, during this late Jurassic 
and early Cretaceous interval, a very intense 
orogeny was affecting the area 600 or so miles 
to the west. There was no tectonic control of 
sedimentation by structural elements now 
related to the Bighorn Basin. Shortly after this 
time the region was broadly downwarped, and 
later still the Laramide orogeny occurred. 


GEOLOGIC History 


An extensive low-lying region, part of the 
present Western Interior of the United States, 
was exposed in late Jurassic time as a result of 
the regression of an epeiric sea in which the 
Sundance and related formations had been 
deposited. The present Bighorn Basin was a 
small part of this region. Aggradation com- 
menced in rivers and on their flood plains. 
Fine-grained quartz sands and red muds, 
derived from lateritic weathering of Paleozoic 
marine shales and sandstones exposed to the 
west, were deposited together with minor 
additions of volcanic debris. Because the 
deposition was fairly continuous, the deposits 
were buried rapidly enough to inhibit modi- 
fying effects of the depositional environment 
except for destruction of most organic and the 
more labile volcanic components and reduction 
of part of the red coloring. Muds of the over- 
bank deposits remained red. The climate was 
hot with fairly high rainfall interrupted by a 
brief, but pronounced, dry season during which 
small ephemeral lakes and swamps became 
highly alkaline, with deposition of calcium 
carbonate aided by algae. 

After this early nonmarine period of dep- 
osition which produced the Morrison forma- 
tion, aggradation diminished significantly, so 
that only minor amounts of stream-borne 
sediments reached the area, but the volcanic- 
ash contribution increased. As the drainage 
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deteriorated, a system of vast seasonal lakes 
and swamps developed where the ash weathered 
to montmorillonite and formed _ siliceous 
hardpans and kankar nodules. During the 
dry season the soil cracked, and ascending 
alkaline solutions deposited gypsum. Few 
organic remains were preserved in this regimen, 
except for plants in peat-forming swamps, some 
wood which became petrified, and some dis- 
articulated bones and other hard parts of 
reptiles. 

The rocks of the Little Sheep mudstone 
member of the Cloverly formation formed from 
the subaqueously and amphibiously weathered 
ash. In the middle of the weathering interval 
there was slight tectonic activity west of the 
area, so that streams of increased gradient, 
carrying chert pebbles and quartz and chert 
sand into the area from the west, were also 
able to rework the deposits formed immediately 
before. These new coarse sediments, part of 
which are the Pryor conglomerate member of 
the Cloverly formation, were mixed with 
quartz sands derived from an eastern source 
and partly reworked along the lake shores. 

Additional ash falls and stream deposition 
of quartzose sands intermittently interrupted 
weathering processes. This episode ended with 
the longest period of uninterrupted weathering, 
with the formation of a thick black bentonitic 
soil characterized by an extensive siliceous 
hardpan. 

A later period of slight aggradation char- 
acterized by a different type of weathering 
then commenced, forming the Himes member 
of the Cloverly formation. This change ap- 
parently was due to better drainage conditions. 
First to be deposited were slurries of volcanic 
debris, (including crystal, vitric, and lithic 
tuffaceous sands) mixed with finer ash and 
quartzose and chert sand. Succeeding pyro- 
clastic and epiclastic sediments of the same 
types were affected by long periods of weather- 
ing in seasonal swamps and lakes, but the 
sediment was porous enough so that leaching 
was more thorough, and kaolinite was formed, 
with iron oxyhydrates and oxides precipitated 
in veins and hardpans. 

From time to time rivers traversed the area, 
generally flowing from the northeast and east, 
carrying first- and second-cycle quartz sands 
from the metamorphic terrain of the Canadian 
Shield, and covered Shield sandstones of the 
Mid-Continent. These sands were deposited 
in the channels in clays forming at that time. 

This long period of nonmarine sedimentation 
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ended with the first advance of the Cretaceous | Cobban, 


sea, represented by paralic deposits of the Sykes! oe 
Mountain formation. These sediments were Rae 


chiefly organic muds, continuously sorted by) Craig, L 
tidal activity into thin separate beds of clay and) = an. 
silt, while just as regularly disrupted by, Sur 
burrowing organisms and more violent tidal} ¢yos5, ¢ 
scour. Sands were spread as sheets over parts | shee 
of the area from time to time. Circulation to} Pea 


the open sea was restricted; rivers crossing the | —_— 


nearby, deeply leached land surface provided Roc 
iron-rich waters to a reducing environment in Am 
which siderite and kaolinite were deposited in’ —— 19 
the fine sand. c em 
Marine conditions gradually became more Mc 
dominant. As the supply of coarse detritus ) Gec 
diminished and deposition of black muds | Mc 
predominated, a new formation, the Thermop. | | Barke 
olis, accumulated. Bu 
| | Emmon 
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Bull, Three Wisconsin age glacial lobes, the Lake Michigan, Saginaw, and Erie, extended 
of the| into northern Illinois, northern Indiana, and northern Ohio. The maximum advance of 
idger these three lobes is considered to be the Minooka moraine of the Lake Michigan lobe, 
34 1-b, the Iroquois-Packerton moraines of the Saginaw lobe, and the Union City moraine of 
the Erie lobe. The writer considers that these moraines mark the Cary drift border in 
Icanic , Illinois, Indiana, and Ohio. This conclusion is at variance with the interpretations of 
sible Wayne and Thornbury in Indiana, Martin in Michigan, and Goldthwait in Ohio. 
on 4 The retreatal history of these three lobes involves a correlation of moraines and other 
26 P. evidence heretofore considered separately for each lobe. The position of the ice front 
silt | during the release of meltwater, which produced the Kankakee Torrent in Indiana and 
steal Illinois, is significant in the history of all three lobes. The tracing of drainage channels 
5 } which carried the Kankakee meltwater in southern Michigan and northern Indiana pro- 
MM, vides the evidence for locating the ice margin of the three lobes during the first phase of 
H. their retreatal history. Field evidence shows that both the Lake Michigan and Erie lobes 
readvanced across terrain formerly occupied by Saginaw lobe ice after the maximum 
Orre- discharge of the Kankakee Torrent. The ice: position at this time is marked by the Tekon- 
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ower In order to clarify existing late Wisconsin stage terminology the writer proposes that 
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23, not inlcuding, the Port Huron, be used as a type area for the Cary glaciation. 
Radiocarbon dates are considered to be a means of establishing an absolute chronology 
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: ciphering Pleistocene chronology. 
Syn- 
him, ee ae 
mn | CONTENTS 
| TEXT Page 
THE Erie lobe correlations in Indiana and Ohio. 1185 
Page Summary and conclusions. .... . = . 1187 
| Introduction. APD Os At Pe eis whee a ack ee eae 1178 References cited bays ioe re ofa r. 1187 
ACRHOWICCRINEDIB, 3.6 be ha eine 1178 
Resumé of Leverett’s interpretation......... 1178 
POE WO oie ciele vs ined mcenin de 0% 1180 ILLUSTRATION 
Northern Illinois-Indiana border area ..... 1180 i 
Glacial drainage features in southern Figure Page 
Michigan and northern Indiana........ 1181 1. Map of Wisconsin age moraines, north- 
Saginaw lobe-Erie lobe relationships....... 1182 eastern Illinois, northern Indiana, 
Summary of field evidence........ ieee ee southern Michigan, and northwestern 
Discussion of correlations..... Pi cde arrers 1183 Os scene. Bs: 1179 
Type-lobe: concent. 05. nie. le. es TSS 
LG DRIGEEIADD IONE Go os radios oh eee 1183 
Age of the Iroquois moraine.............. 1184 TABLE 
Valparaiso moraine of Illinois and its 
equivalent in Indiana and Michigan..... 1184 Table Page 
\ Pre-Valparaiso post-Minooka-Iroquois 1. Correlation of events during the Cary 
CONIEMIGHEE IS. os cel mat recuse eee. 1185 substage of the Wisconsin stage of the 
Saginaw-Erie lobe correlations in Mich- Pleistocene in Illinois, Michigan, Indiana 
FOCORY CAG PERUOUNINE oo soso: min gin nie FR eg 1185 Bile OMG 605 Fihoinccketaees ta .»s ste 


1177 








1178 


INTRODUCTION 


One of the goals of the Pleistocene geologist 
is to establish a sequence of events within the 
glacial border. In the Great Lakes region, the 
relationships of the various Wisconsin lobes 
and the history of their advances and retreats 
have been under study since Chamberlin’s 
monograph (1883) was published. 

Leverett (1899; Leverett and Taylor, 1915) 
elaborated on the details of glacial history in the 
Illinois-Indiana-Michigan-Ohio area. Leverett’s 
studies resulted in a classification of the 
Wisconsin drifts into Early, Middle, and Late 
sequences (Leverett and Taylor, 1915, Pl. V; 
Leverett, 1929, p. 19). 

Leighton (1933) formalized the Wisconsin 
classification of the upper Mississippi valley by 
assigning geographic names to stages and sub- 
stages. Although he later modified this classifi- 
cation (1957) the terminology has been applied 
to various drift sheets from South Dakota 
(Flint, 1955) to Nova Scotia (Flint, 1953). The 
terms ‘Tazewell (Early Wisconsin), Cary 
(Middle Wisconsin), and Mankato (Late 
Wisconsin) as defined by Leighton (1933) were 
used by Flint e al. (1945), but in parts of 
Michigan, Ohio, and Indiana, some of the 
Wisconsin drifts were undif- 
ferentiated. 

The area covered in this report includes parts 
of four States, Illinois, Indiana, Michigan, and 
Ohio (Fig. 1). This paper outlines some of the 
basic events of the Wisconsin stage of Pleisto- 
cene history of three lobes, the Lake Michigan, 
Saginaw, and Erie lobes, beginning with the 
position of the ice front roughly equivalent to 
the “...terminal moraine of the Second 
Glacial Epoch,” as defined by Chamberlin 
(1883, Pl. 31, p. 322). 


shown as 


ACKNOWLEDGMENTS 


The Geological Society of America provided 
research funds for field work, and the Horace 
H. Rackham School of Graduate Studies of the 
University of Michigan supplied this writer’s 
salary for one summer field season. 

Many colleagues and associates gave freely of 
their time and provided unpublished informa- 
tion. Among those who were especially helpful 
and stimulating were J Harlen Bretz, Thomas 
Bushnell, R. P. Goldthwait, the late Leland 
Horberg, M. M. Leighton, James Thorp, Wil- 
liam J. Wayne, and H. B. Willman. The 
writer, of course, accepts full responsibility for 
the interpretations presented. 


J. H. ZUMBERGE—CORRELATION OF WISCONSIN DRIFTS 


RESUME OF LEVERETT’S INTERPRETATION 


. 

Leverett recognized deposits from three! 
different lobes in southern Michigan and 
northern Indiana. It was his thesis (Leverett 
and Taylor, 1915, p. 123-124) that the three 
lobes reached their mazimum extent at approx 
mately the same time but that the middle lobe 
or Saginaw lobe, being narrower and thinner 
than the Lake Michigan lobe on the west or the/ 
Erie lobe on the east, retreated much faster 
than either of the two adjacent lobes, thereby 
leaving a large ice-free re-entrant between the 
Lake Michigan and Erie Lobes. Leverett’s 
attempt to reconstruct the ice front during this 
recession was based mainly on the correlation 
of end moraines; in his series of publications on 
this subject he modified or changed many of his} 
correlations. Leverett placed great emphasis on | 
correlation of moraines between the three lobe | 
and paid less attention to stratigraphic rela- 
tionships. 

Leverett’s approach was justifiable because’ 
of the lack of good road cuts during the first} 
quarter of the twentieth century. He did not} 
hesitate to acknowledge his own errors and 
reported the revisions whenever they were dis- 
covered. For example, he assigned the Kala- 
mazoo moraines to the Saginaw lobe (1899, p. 
340), but later (Leverett and Taylor, 1915, p. | 
174) he recognized that the Kalamazoo mo- | 
raines (Fig. 1) in Cass, Van Buren, and Kalama: | 
zoo counties, Michigan, belonged to the Lake 
Michigan lobe. Still later (1922, unpublished 
notes, Geology Depi., Univ. Michigan) he 
shifted the eastern limit of the Lake Michigan 
lobe to the position shown in Figure 1 of this 
report. 

In 1899 (p. 318; see Alden, 1918, Pl. 28) | 
Leverett considered the Iroquois moraine, in 
eastern Illinois near the Indiana border, to be | 
“the oldest moraine of the late Wisconsin 
series... of the coalesced Erie-Saginaw lobe,” 
but later (Leverett and Taylor, 1915, p. 126) he 
considered that it was a continuation of the 
Marseilles moraine of the Lake Michigan lobe, 
an interpretation used in Indiana as recently as 
1955 by the Soil Conservation Service (Rogers 
et al., 1955, p. 5). This writer believes that 
Leverett’s first interpretation was the correct 
one. 

Leverett (1902) described several moraines 
of the Erie lobe and suggested some correlations 
with moraines of the Saginaw lobe (Leverett | 
and Taylor, 1915, p. 167). He said that ~~ 
Erie lobe moraines in Indiana are well defined 
into the Mississinewa, Salamonie, Wabash, and 
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Fort Wayne moraines, but that “... in south- 
eastern Michigan all these moraines merge with 
the great interlobate belt that follows the 
‘thumb’ of Michigan and separates the Huron- 
Erie from the Saginaw lobe” (Leverett and 
Taylor, 1915, p. 167). 

The inference here is that just south of the 
Indiana-Michigan border, probably in Steuben 
and LaGrange counties, the Erie and Saginaw 
lobes were in juxtaposition. This statement is in 
accordance with the suggestion of Leverett and 
Taylor (1915, p. 167) that the Mississinewa 
morainic system ‘“‘...correlates somewhat 
closely with the Kalamazoo system of the 
Saginaw and Lake Michigan lobes.” 

The area of greatest complexity lies near 
the Ohio-Michigan-Indiana corner (Fig. 1). 
Leverett did not sort the moraines across the 
State boundaries, and, even in 1955, the Michi- 
gan Geological Survey did not recognize the 
Wabash moraine in Michigan (Martin, 1955). 
The only “recent” reference to the Wabash 
moraine in Michigan discovered by this writer 
is in a paper by Taylor (1939, p. 376) where he 
shows it as mapped in Figure 1 of this report. 


RECENT WorK 
Northern Illinois-Indiana Border Area 


Members of the Illinois Geological Survey 
have carried out investigations of the Pleisto- 
cene deposits in Illinois for many years. Many 
dealt with problems of correlation. In 1953, a 
Pleistocene Field Conference on the subdivi- 
sions of the Wisconsin stage was held under the 
auspices of the Illinois Survey. The guidebook 
prepared for that occasion (Leighton and Will- 
man, 1953) contained a reference and descrip- 
tion of the Iroquois moraine (see Figure 1) 
which pointed out that the moraine was not 
associated with the Lake Michigan lobe as 
proposed by Leverett and Taylor (1915, p. 126) 
but was deposited by an ice advance from the 
east. Members of the conference examined an 
exposure of till of the Marseilles and Iroquois 
moraines near their juncture and found the two 
to be quite different, lithologically. The till of 
the Marseilles moraine contained many pebbles 
of Devonian black shale characteristic of drift 
of the Lake Michigan lobe around Lake Michi- 
gan, whereas the till of the Iroquois moraine 
contained an abundance of boulders and very 
little black shale. Leighton (Leighton and Will- 
man, 1953, p. 67) suggested that the Iroquois 
moraine was deposited by the Erie lobe and 
that it probably was the same age as the 
Minooka moraine in Illinois (Fig. 1). 
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Later references to the Iroquois moraine and samples 
its association with an eastern ice lobe Were moraine 
made by Horberg and Anderson (1956, Fig. 1)/and 35- 
and Anderson (1957, p. 1416). Both publica-} The 
tions contain maps showing the Iroquoisjexposed 
moraine as marking the Cary drift border injand Ji 
Indiana and _ Illinois. This interpretation}Indiana 
resulted from field and laboratory work bytis strew 
Horberg and reported by Anderson (1955, p,\granite 
242). Horberg found crystalline pebble per-fexposur 
centages of 30-40 per cent in the till of the|quarry, 
Iroquois moraine which differentiates it from|Newtor 
the strong dolomitic tills of the Lake Michigan|lies on 
lobe in northeastern Illinois. excellen 

Wayne (Personal communication) of the! (Fig. 1) 
Indiana Geological Survey has also recognized \the wri 
the Iroquois moraine as belonging to an! 
eastern lobe rather than as a continuation of nen 
the Marseilles moraine of the Lake Michigan} 9_2 
lobe. 

A further corroboration of the difference be| 
tween the tills of the Iroquois and Marseille | 
moraines can be seen by a comparison of the} 
soil types developed on each. The Marseilles | 
moraine bears the Bryce clay loam and clay,| 
and the Swygert silt loam to silty clay loam, 
whereas the Iroquois moraine bears the La- 
Hogue loam, Lisbon loam, Saybrook silt loam 
and sandy loam, and the Watseka loamy fine | 
sand (Wascher, Smith, and Odell, 1951). 

In Newton County, Indiana, the moraine | 
designated in this report as the Iroquois| 12-30 
moraine (Fig. 1) is referred to as the Marseilles | 
moraine by Rogers ef al. (1955, p. 5, Fig. 2). 

But most of the soils mapped on this moraine | 
are loams and silt loams of the Parr catena,| py. 
developed on highly calcareous light- to |},,, 

3 , ‘ie | roquo 
medium-textured till, and are similar to of). coq 
identical with the soils developed on the llasper 
Iroquois moraine of Iroquois County across the ldthou 
border in Illinois. ‘Jasper. 

Mechanical analyses of till of the Iroquois |}, 6g 
moraine compared with analyses of till from py, 
the Marseilles and Chatsworth moraines in thinvnie 
Illinois and Indiana (Reinke, 1954, M.S. thesis, topogr 
Univ. Michigan) show the former to be more uitie 
sandy than the latter in general, but samples of iplaced 
till from the southern border of the Iroquois | the wr 
moraine in Illinois were intermediate in texture! good 
between samples from the Marseilles-Chats- tion) s 
worth moraines and samples well back from the morait 
distal edge of the Iroquois moraine. This could but th 
reflect a mixing of the two tills as suggested by | across 
Anderson (1955, p. 242). Three samples of till /White 
of the Iroquois moraine contained the following:}in nor 
sand (.05-2.0 mm), 26-35%; silt (.002 mm), |latter 
39-57%; clay (> .002 mm), 17-26%. Three|from | 





2-12 


RECENT WORK 


ine and samples from the Marseilles and Chatsworth 
9€ Werejmoraines contained 5-17% sand, 48-57% silt, 
Fig. a 35-39% clay. 
yublica-} The till of the Iroquois moraine is well 
roquois}exposed in many road cuts in southern Beaver 
rder injand Jackson townships, Newton County, 
etation|Indiana. The surface of the moraine in that area 
ork bylis strewn with many Precambrian boulders of 
955, p.\granite gneisses and greenstone. One of the best 
le per-jexposures of the till is in the Kentland limestone 
of the|quarry, 3 miles east of Kentland, in southern 
it from|Newton County, Indiana, where 30 feet of till 
ichigan{lies on the bedrock surface, which contains 
excellent glacial striae bearing S. 65°-70° W. 
of the!(Fig. 1). The till section measured in 1953 by 
ognized ithe writer is as follows: 








to an} 

tion of pen of aed Descriplion 

ichigan| 9-2 2  Leached and oxidized till bearing 
the Parr fine sandy loam, the 

ice be. well-drained member of the soil 

rseilles catena which also includes the 

: moderately well-drained Cor- 

of the win, imperfectly drained Odell, 

rseilles | and very poorly drained Chal- 

1 clay, | mers soils (Rogers ef al., 1955, 

loam, p. 74) 

1e La- 2-12 10 Calcareous oxidized till. Color 

t loam (Munsell): wet, 2.5Y 5/4; dry, 

ry fine 2.5¥ 7/4. 35% sand (.05-2mm), 
40% silt (.002-.05 mm), 25% 

mat clay (>.002 mm). 

joraine | 

oquols 12-30 18  Calcareous unoxidized till. Color 

rseilles (Munsell): wet, 5Y 4/1; dry, 5Y 

ig. 2) 6/1. 11% sand, 50% silt, 39% 

s- *) clay 

oraine | ? 

er The writer mapped the distal edge of the 

t- 


* Iroquois moraine in 1953 (Fig. 1). It is easily 
to OT | traced across Newton County, Indiana, into 
n the \Jasper County where it becomes discontinuous 
ss the lalthough it appears to swing northward on the 
. |Jasper-Pulaski county line before it is lost or 
>quols |buried in deposits of the Kankakee Torrent. 
from The southern boundary of the Iroquois 
1€S 1 moraine is more difficult to follow. The ‘morainic 
thesis, topography disappears just west of Earl Park in 
MOre northern Benton County, Indiana, and is re- 
les ol ‘placed by a poorly defined line of kames which 
quols the writer was unable to trace eastward for any 
-xture| good distance. Wayne (Personal communica- 
“hats- tion) suggests that the boundary of the Iroquois 
m the moraine swings southward in Benton County, 
could but this writer believes that it trends eastward 
ed byjacross northern Benton County and central 
of till / White County and joins the Packerton moraine 
wing:}in northwestern Carroll County, Indiana. The 
mm),|latter suggestion has received some support 
Three|from Melhorn (Personal communication), but 
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the field tracing must be done to show which 
interpretation is correct. 

The evidence indicates an eastern or north- 
eastern source for the Iroquois drift, probably 
the Saginaw lobe. 


Glacial Drainage Features in Southern 
Michigan and Northern Indiana 


A well-developed system of channels, which 
are now unoccupied or contain underfit streams, 
exists in southern Michigan and northern 
Indiana (Fig. 1). Leverett (1922, unpublished 
notes, Geology Dept., Univ. Michigan), 
Leverett and Taylor (1915), and Martin (1955) 
all record these channels in southern Michigan. 
Wayne (1954) and Wayne and Thornbury 
(1955, Fig. 1) recognized and mapped these 
channels as did Leverett and Taylor (1915) 
many years before. 

These features are significant in the glacial 
history of the area, not only because they 
record the routes taken by glacial meltwaters, 
but also because they cross the region covered 
by the Saginaw lobe and are therefore younger 
than the drift of that lobe, into which they are 
cut. Their importance in deciphering the sources 
of water for the great Kankakee Torrent 
described by Ekblaw and Athy (1925) cannot 
be underestimated, but in this paper the 
positions of their headwaters are important 
also because they establish the position of the 
ice border. 

In Michigan, these channels carried outwash 
from the fronts of the Lake Michigan, Saginaw, 
and Erie lobes. The heads of these channels are 
associated with the Tekonsha moraine of the 
Lake Michigan and Saginaw lobes and the 
Mississinewa and Wabash moraines of the 
northwestern flank of the Erie lobe (Fig. 1). The 
main channel in Michigan followed the margin 
of the Lake Michigan lobe southwestward 
across St. Joseph County and thence westward 
across the northern part of Elkhart County, 
Indiana. This drainage pattern is supporting 
evidence that the Tekonsha moraine of the 
Saginaw lobe is equivalent in age to the 
Tekonsha moraine of the Lake Michigan lobe, 
but it does little to clarify the relationships 
between the moraines of the Erie and Saginaw 
lobes in Branch County, Michigan, and 
Steuben and LaGrange counties, Indiana. The 
very clearly defined outwash channels in 
extreme northeastern Indiana are strikingly 
apparent on the following U. S. Geological 
Survey 7'¢-minute quadrangle sheets: Mongo 
(1945), Orland (1939), Angola West (1935), 
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Olive Lake (1946), Wolcottville (1945), Stroh 
(1940), and Ashley (1939). 

The significance of these outwash channels 
which head in moraines of the Erie lobe and 
flow across areas of drift of the Saginaw lobe is 
obvious. These channels represent routes taken 
by meltwaters just before or at the same time as 
the advance of the ice to the position defined 
by the channel heads shown in Figure 1. The 
headward region of these channels cannot be 
younger than the moraines in which they 
originate. This interpretation has a bearing on 
the correlation of events during the retreat of all 
three lobes under discussion here, but additional 
field evidence is required before more exact 
correlations are possible. 


Saginaw Lobe-Erie Lobe Relationships 


The relationships between the Erie and 
Saginaw lobes are apparently more complex 
than previously visualized by Leverett 
(Leverett and Taylor, 1915, p. 123) and by 
Malott (1922, p. 151), who said: 


“the outer moraine of the Saginaw lobe consists 
of the Maxinkuckee moraine, extending north- 
ward from a few miles west of Logansport, and the 
massive Packerton moraine leading northeast from 
the same position. The weak Union City moraine 
of the main Erie lobe, running northwest from 
Muncie to near Logansport, supports this interpre- 
tation, since it seems quite unreasonable to assume 
that its correlative could be the unusually massive 
Packerton moraine.” 


This statement contrasts with Leverett’s 
idea (Leverett and Taylor, 1915, p. 158-159) 
that the Packerton moraine was deposited by 
the Erie lobe rather than the Saginaw lobe. 
Wayne and Thornbury (1951, p. 9-10) consider 
the Packerton moraine to be an interlobate 
moraine containing drift from both the Erie and 
Saginaw lobes. A later statement by the same 
authors (1951, p. 12) claims that the Packerton 
moraine is Tazewell in age and the Mississinewa 
is Cary in age. Wayne (1956, p. 56) revised his 
interpretation by suggesting that “... the 
moraines of the Saginaw lobe in Indiana should 
be correlated with the Cary substage rather 
than the Tazewell as they have long been re- 
garded.” Thornbury and Deane (1955, p. 24) 
believe that the Packerton moraine in Wabash 
County is Cary in age. 

The Union City moraine (Leverett, 1902, p. 
475; Malott, 1922, Pl. III; Wayne and Thorn- 
bury, 1955, Pl. 2) more or less parallels the 
Mississinewa moraine of the Erie lobe from 
central Randolph County to Miami County, 
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Indiana. Thornbury and Deane (1955, p. 38) 
considered this moraine to be a “... rece. 
sional moraine of the Erie lobe during late 
Tazewell time.” Thornbury (1958, p. 457) later! 
argued that “.. . the Union City moraine mote| 
likely is the outer moraine of the Cary glaciation 
in the area covered by the Erie lobe.” 

This writer agrees with Thornbury (1958) for 
several reasons: (1) marked parallelism of the 
Union City moraine with younger moraines of 
the Erie lobe; (2) evidence that part of the 
Packerton moraine in Miami County was built 
by the Erie lobe (Thornbury and Deane, 1955, 
p. 39), a condition that suggests that the 
southern part of the Packerton moraine was| 
built at the same time as the Union Co) 
moraine; (3) a prominent soil discontinuity 
coincident with the distal margin of the Union 
City moraine exists along the entire length of 
that moraine (Purdue University, 1957; als 
Buchannan ef al., 1931, for Randolph County). 

This correlation would require the Union 
City moraine to be equivalent in age to the 
Iroquois moraine since the latter is also con- 
sidered by this writer to be correlative in age 
with the Packerton moraine. Thornbury (1958, 
p. 457) does not share this viewpoint, however, 
because he considers that the Maxinkuckee and 
Packerton moraines are correlative and repre- 
sent the outermost moraines of Cary age. 

Leverett’s field notes, written just before his 
death, indicate that he was beginning to work 
out stratigraphic relationships in northeastern 
Indiana. He suggested that the ice of the Erie 
lobe had overridden drift of the Saginaw lobe in 
western Steuben County, as shown in Figure 1. 
He suggested that this advance correlated with 
the Tekonsha moraine of the Saginaw lobe al- 
though this could have been hardly more than a 
guess, since drift of the Erie lobe overlying drift 
of the Saginaw lobe had not been traced in 
Branch County, Michigan, between the areas 
cited by Leverett and the Tekonsha moraine in 
Kalamazoo County, Michigan. Malott (1922, 
p. 151) also considered that the Erie lobe 
overrode the earlier position of the Saginaw lobe 
after the recession of the latter from Steuben, 
LaGrange, and Noble counties, Indiana. 

Support of Leverett’s observations does exist 
in northwestern Lenawee County, Michigan, 
where this writer discovered the superposition 
of clayey till of the Erie lobe on the more sandy 
till of the Saginaw lobe. The western limit of | 
the till of the Erie lobe was traced in the field 
for about 12 miles (Fig. 1), but the relationship 
of the border of this till of the Erie lobe to 
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moraines of the Erie lobe, such as the Fort 
Wayne or Wabash moraine, is not yet estab- 
lished. This stratigraphic evidence clearly 
indicates that a readvance of the ice of the Erie 
lobe did take place after the withdrawal of the 
Saginaw lobe in southeastern Michigan. 

Wayne and Thornbury (1951, p. 18) also 
imply that the Mississinewa moraine is under- 
lain by till of the Erie lobe on till of the Saginaw 
lobe, thus indicating a readvance of the former 
after a withdrawal of the latter. The maps of 
Wayne and Thornbury (1955, Fig. 1) and 
Wayne (1958) also show the Mississinewa 
moraine overriding the Packerton moraine and 
the Wabash moraine overriding the Mississi- 
newa moraine, a condition that suggests at 
least two readvances of the Erie lobe. 


Summary of Field Evidence 


The following generalizations can be made 
concerning the field relationships of the drifts 
deposited by the Lake Michigan, Saginaw, and 
Erie lobes: 

(1) The Iroquois moraine was produced by 
the Saginaw lobe and overrides the Marseilles 
moraine in Illinois. Soil types in Newton 
County, Indiana, and Iroquois County, Illinois, 
as well as striae in Kentland County, Indiana, 
support this conclusion. 

(2) The Lake Michigan lobe advanced over 
areas previously occupied by the Saginaw lobe 
in St. Joseph County, Michigan, and _ this 
maximum eastward advance may be correlative 
with the building on the Tekonsha moraine by 
the Saginaw lobe in Calhoun County, Michigan. 

(3) A network of outwash channels on drifts 
of the Saginaw lobe in southern Michigan and 
northern Indiana was fed by meltwater from 
the retreating Saginaw lobe before its readvance 
to the position of the Tekonsha moraine, as well 
as by meltwater from Erie lobe in northeastern 
Indiana. The heads of these channels define an 
ice front, the position of which is unrelated to 
any of the moraines of the Erie lobe as they are 
presently defined and mapped. 

(4) Thin drift of the Erie lobe overlying 
drift of the Saginaw lobe occurs in Lenawee 
County, Michigan, giving further evidence of 
an advance of the Erie lobe into an area 
previously occupied by the Saginaw lobe. 

(5) The Lake Michigan and Erie lobes both 
experienced appreciable advances in southern 
Michigan after the withdrawal of the Saginaw 
lobe to the Tekonsha moraine, 
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DISCUSSION OF CORRELATIONS 
Type-Lobe Concept 


The use of any formal age assignments to 
glacial events discussed in the preceding 
sections has been largely avoided, but cor- 
relation of events in contiguous areas is de- 
sirable. Recently, the classification of the 
Wisconsin glacial deposits has been criticized 
(Frye and Richmond, 1958) and defended 
(Leighton, 1958a; 1958b) on various grounds. 
Whatever the results are it will be difficult if 
not impossible to purge from the literature all 
the weil-established and firmly entrenched 
names applied by Leighton (1933) to the sub- 
divisions of the Wisconsin glacial stage. Nor is 
this desirable. However, the indiscriminate use 
and premature application of these names to 
drift sheets widely separated from the type 
areas have led to many confusing situations. 

The recent shift of the term Mankato from a 
pre-Two Creeks to a post-Two Creeks position 
in time (Leighton, 1957a; 1957b; Wright and 
Rubin, 1956) is a case in point and stems from 
the use of a single name to designate both a 
time interval and a glacial deposit. The writer 
believes that the geologic calendar for estab- 
lishing the age of the younger Wisconsin drifts 
would be on a firmer footing if it were based on 
the activity of a single lobe. The advances and 
retreats of adjacent or noncontiguous lobes 
could be correlated with a type lobe, rather 
than with a type section or a type area (Leigh- 
ton, 1958b, p. 702). The relative history of 
advance and retreat of a single lobe can be 
determined from field evidence alone, and 
where radiocarbon dates fit into the history, 
an absolute chronology results. 


Lake Michigan Lobe 


One advantage of the type-lobe concept is 
that it provides a standard geologic time scale 
which is not predicated on any correlation with 
another major lobe. The Lake Michigan lobe 
has received a great deal of attention in the 
past (Chamberlin, 1883; Leverett, 1899; 
Leverett and Taylor, 1915; Leighton and Will- 
man, 1953; Leighton, 1957b; Alden, 1918; 
Bretz, 1939; 1955; Zumberge, 1956). In terms of 
Wisconsin glacial history it encompasses all 
the time between the deposition of the Minooka 
moraine in northeastern Illinois (Fig. 1) to the 
readvance of :the Valders ice (Thwaites, 1943; 
Melhorn, 1954, Ph.D. thesis, Univ. Michigan). 
The retreatal history of the Lake Michigan lobe 
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is intimately related to the history of Lake 
Chicago and associated low-water stages 
(Bretz, 1951; 1955; Hough, 1955; 1958; Zum- 
berge and Potzger, 1956). Radiocarbon dates 
have provided the basis for an absolute chro- 
nology of the retreat of the lobe and events 
related to the proglacial water bodies marginal 
to it. 

Leighton (1933) assigned the name Cary 
substage to the Middle Wisconsin drift, a term 
that he attributes to Leverett (1929, p. 18). 
However, Leverett called this substage 3 of 
the Wisconsin drift and included all the drift 
from the Minooka moraine back to the Port 
Huron moraine. 

Since this discussion is concerned chiefly with 
the early retreatal history of the Lake Michigan 
lobe rather than with later events, the writer 
will use the Lake Michigan lobe glacial history 
as a standard to which the activities of other 
related lobes will be referred, with special 
reference to the time interval between the 
deposition of the Minooka moraine, which by 
definition (Leighton, 1933) is the oldest mo- 
raine of the Cary substage. 


Age of the Iroquois Moraine 


As demonstrated above the Iroquois moraine 
was deposited during maximum advance of the 
Saginaw lobe and overrode the Marseilles 
moraine. The Iroquois moraine, consequently, 
must be younger than the Marseilles, which, 
according to the interpretation of Leighton and 
Willman (1953, Pls. 1, 2), is the youngest 
moraine deposited by the ice during the Taze- 
well substage of the Wisconsin. 

The oldest moraine of the Lake Michigan 
lobe that crosscuts the Marseilles moraine is 
the Minooka moraine (Fisher, 1925, p. 76; 
Leighton and Willman, 1953, p. 9). Although 
Leverett (1899, p. 324) hesitated to place the 


Minooka moraine in his ‘‘Late Wisconsin 
series,” Leighton and Willman (1953, p. 9) 


emphasize that the interval between the 
building of the Minooka moraine and the re- 
treat from the Marseilles moraine was a time 
of rapid cutting of the Fox River valley by 
torrential meltwaters (Powers and Ekblaw, 
1940). But it is significant that Leighton and 
Willman (1953, p. 9) also state that “... the 
difference in leaching of youngest Tazewell 
drift and the oldest Cary drift is scarcely 
significant.” 

The Iroquois and Minooka moraines have the 
same relationships to the Marseilles moraine, 
but this is not necessarily proof that the 
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Iroquois moraine is exactly equivalent in age 
to the Minooka. Either may be slightly older or 
younger than the other, but the age difference 
is probably not too great in view of the fact that 
the recessional histories of the two lobes which 
produced them were intimately associated at a 
somewhat later date. Moreover, the difference 
in age of the two is not likely to be significantly 
greater than the limits of error in determining 
the age of either. 


Valparaiso Moraine of Illinois and Its 
Equivalents in Indiana and Michigan 


The Valparaiso moraine as known in Illinois 
is a wide band of morainic ridges paralleling the 
present shore line of Lake Michigan (Fig. 1), 
Leverett (1899, p. 339; 1917, p. 117; Leverett 
and Taylor, 1915, p. 214) preferred to call it the 
Valparaiso morainic system, but Powers and 
Ekblaw (1940, Fig. 2) mapped five separate 
morainic ridges in the Valparaiso moraine just 
south of the Wisconsin-Illinois border. Leighton 
and Willman (1953, p. 16) considered the 
Valparaiso morainic belt to be composed of 
seven ridges beginning with the Manhattan 
moraine (oldest) and ending with the Clarendon 
moraine (youngest). The Tinley moraine 
represents a separate and younger readvance of 
the Lake Michigan lobe (Bretz, 1939, p. 50; 
1955; p. 107). 

These studies show that the Valparaiso 
morainic belt in Illinois records at least six 
oscillations of the ice front. But, in LaPorte 
County, Indiana, and in southwestern Michi- 
gan, the Valparaiso moraine as mapped by 
Leverett and Taylor (1915) and Martin (1955) 
and shown in Figure 1 is much narrower than 
the moraine with the same name in Illinois. 
Leverett and Taylor (1915, p. 215) recognzed 
three morainic ridges in the Valparaiso morainic 
belt in Indiana and pointed out that some of its 
breadth in LaPorte County was reduced by 
burial in outwash, but this is not true for the 
Michigan sector. 

The correlation of the West Chicago moraine 
or outer ridge of the main Valparaiso belt with 
the Michigan lobe drift boundary in Cass, St. 
Joseph, and Kalamazoo counties, Michigan, 
seems more appropriate. This requires the 
inner and outer Kalamazoo moraines and the 
Valparaiso moraine in Michigan to be correla- 
tive with the main body of the Valparaiso 
morainic belt in Illinois from the West Chicago 
moraine up to, but not including, the Tinley 
moraine, 
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Pre-Valparaiso Post-Minooka-Iroquois 
Correlations 


The above correlation provides a reasonable 
history of older events for both the Saginaw 
and Lake Michigan lobes. The retreat of the 
Lake Michigan lobe from the Minooka moraine 
would correlate with the retreat of the Saginaw 
lobe from the Iroquois moraine, and possibly 


| the readvance of the Lake Michigan lobe to 


the Rockdale moraine would parallel that of 


| the Saginaw lobe to the Maxinkuckee moraine. 


—— 











Further retreat of both lobes continued but was 
interrupted by another readvance of the Lake 
Michigan lobe to the Manhattan moraine which 
may be correlative with the readvance of the 
Saginaw lobe to the New Paris, Middlebury, or 
some other Saginaw lobe moraine of that lobe 
in northern Indiana or southern Michigan. 
From this position both lobes again retreated, 
and the Kankakee Torrent reached its maxi- 
mum discharge (Willman and Payne, 1942, p. 
145, 170; Ekblaw and Athy, 1925, p. 425). 
Subsequently, as the Lake Michigan lobe 
readvanced to the West Chicago moraine, the 
Saginaw lobe pushed forward to the Tekonsha 
moraine. 

The greater destruction of the Saginaw lobe 
during each successive retreat would be in 
keeping with the probability of its being a 
thinner ice sheet because of its constricted 
position between the Lake Michigan and Erie 
lobes. Table 1 shows the proposed correlations 
of events between the three lobes. 


Saginaw-Erie Lobe Correlations in Michigan 
and Indiana 


The correlation of the Iroquois moraine of 
the Saginaw lobe with the Union City moraine 
of the Erie lobe seems to be the most reasonable 
at the present time. The weak link in this 
correlation is the gap between the Iroquois 
and Packerton moraines from Benton County 
to Carroll County in Indiana. 

The correlation of the Tekonsha moraine of 
the Saginaw lobe with the Mississinewa mo- 
raine of the Erie lobe requires a rather lengthy 
retreat of the Erie lobe from the Union City 
moraine to well back of the Mississinewa 
moraine. The work of Wayne and Thornbury 
(1951) in Wabash County and adjacent Hunt- 
ington County presents field evidence in 
support of the idea that the Erie lobe had 
retreated sufficiently far east to permit the 
deposition of outwash gravels before the 
advance to the Mississinewa moraine. They 
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report many sections in which two tills of the 
Erie lobe are separated by stratified drift. They 
considered the lower till to be Tazewell in 
age, but later revisions by both authors (Thorn- 
bury, 1958, p. 457; Wayne, 1956, p. 56) indicate 
that both of these lower tills of the Erie lobe 
might be related to the advance to the Union 
City moraine and thereby be early Cary in 
age. 

Correlations of younger moraines of the 
Saginaw and Erie lobes are more tenuous, but 
the Tekonsha moraine of the Saginaw lobe is 
probably correlative with the Mississinewa 
moraine of the Erie lobe. The writer cannot 
even guess at any correlations younger than 
this in view of the lack of field data from the 
counties of Branch, Hillsdale, and Lenawee in 
Michigan. The correlating of these moraines 
by Martin (1955) is a start, but no evidence is 
cited for the southern Michigan area other 
than “manuscript maps and field notes.” 

Therefore, correlations between the Erie and 
Saginaw lobes back of the Mississinewa mo- 
raine as well as the correlation of the Tekonsha 
and Mississinewa moraines, which is here 
regarded as only tentative, must be deferred 
until the complexities in the Michigan-Indiana- 
Ohio tri-State region have been unraveled. 
Not the least of these problems is the tracing of 
the boundary between the drift of the Erie and 
Saginaw lobes begun by this writer in Lenawee 
County, Michigan. Until this and other rela- 
tionships are fully known, all correlations in 
that area will be mere speculation. 


Erie Lobe Correlations in Indiana and Ohio 


Leverett (1902, Pl. XI) mapped and de- 
scribed the moraines of the Erie lobe in Ohio 
and traced them across the Indiana-Ohio 
border. He considered the Union moraine 
(Union City moraine in Indiana) to be “... the 
outermost member of a series of moraines 
which lie between the main morainic system of 
the Miami lobe...and the Lake Erie Basin” 
(Leverett, 1902, p. 475). He discussed the 
Union moraine and younger moraines in Ohio 
under the heading, “‘Moraines of the Maumee- 
Miami lobe,” which he considered to belong 
to the Late Wisconsin stage. This would make 
the Union moraine equivalent to the outer 
moraine of the Middle Wisconsin stage of his 
later classification (Leverett, 1929) and the 
oldest moraine of Cary age under Leighton’s 
(1933) classification. 

Goldthwait (1952; 1955) applied the name 
Middle Cary to the drift between the Union 
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‘moraine and the Defiance moraine in Ohio, 
‘thus implying that the Union moraine was 
younger than the oldest Cary moraine (Min- 
| ooka) of Illinois. However, he indicated later 
(1958, p. 210) that the upper Wisconsin 
boundary lay along the outer margin of the 
Wabash moraine. Goldthwait’s map (1958), 
Fig. 1) shows a line labeled “Late Wisconsin 
boundary” which corresponds to the position 
of the Wabash moraine in Ohio as mapped by 
Leverett (1902, Pl. XI). Goldthwait (1958, p. 
217) says that the Wabash moraine “. . . may 
well correspond to Cary substage or a part of 
| what is now called Cary in Illinois.” This 
| statement carries the implication that Gold- 
thwait is not certain just what moraine in 
| Ohio is correlative with the Minoka moraine of 
Illinois, but that the Wabash moraine is 
certainly not older than the Minooka and is 
possibly younger. He selected the Wabash 
moraine as the “Late Wisconsin” on the basis of 
radiocarbon dates on three samples, W-57, 
W-65 (Suess, 1954), and M-350 (Crane, 1956) 
from Steuben County, Indiana. The samples 
are supposedly slightly younger than the 
Wabash moraine and have been dated as fol- 
lows: W-57, 12,380 + 370; W-65, 13,020 + 
400; M-350, 12,600 + 600. All dates are in 
years before the present. 

The choice of the term “Late Wisconsin” for 
the ice advance to the position of the Wabash 
moraine is likely to cause some confusion, 
since it was previously associated with the Port 
Huron moraine in Michigan (Leverett, 1929, 
p. 19) and also with the Union moraine in 
Ohio (Leverett, 1902, p. 475). 

Under the correlation proposed herein, the 
Union moraine would be the oldest Cary 
moraine in Ohio and would therefore be 
| equivalent in age to the Minooka moraine in 
| Illinois. 








SUMMARY AND CONCLUSIONS 


(1) The advance of the Lake Michigan, 
\Saginaw, and Erie lobes to positions defined 
iby the Minooka, Iroquois, and Packerton- 
| Union City moraines respectively marks the 
outer limit of the Cary substage of the Wis- 
consin stage of the Pleistocene in Illinois, 
Indiana, and Ohio. 

(2) The type area of Cary glaciation as 
\ originally defined by Leverett (Leverett and 
Taylor, 1915, Fig. 5) and named by Leighton 
(1933) is the drift of that part of the Lake 
Michigan lobe from the outer margin of the 
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Minooka moraine back to, but not including, 
the Port Huron moraine. 

(3) The Kankakee Torrent marks a time of 
extensive retreat of all three lobes and thereby 
provides a datum for correlation of moraines 
of somewhat younger Cary age. At the close of 
this retreat the Lake Michigan lobe advanced 
to the West Chicago moraine, the Saginaw lobe 
to the Tekonsha moraine, and the Erie lobe to 
the Mississinewa moraine. 

(4) Correlations of later events up to the 
Port Huron moraine in all three lobes will 
remain speculative until the relationships in the 
tri-State region of Michigan, Ohio, and Indiana 
are resolved. 

(5) The radiocarbon dating of the Wabash 
moraine in Steuben County, Indiana, is not, by 
itself, an indication that the Wabash moraine 
has any greater significance in terms of the 
history of the Erie lobe than any other moraine 
of the same lobe, older or younger. 
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) The Cenozoic section in the vicinity of Carlin, northeastern Nevada, comprises the 
Luron following units, separated by erosional or slight angular unconformities: (1) several 
and thousand feet of volcanic rocks ranging from rhyolite to basalt; diorite and granodiorite 
23), intrusive rocks (early Tertiary ?); (2) Rand Ranch formation (new name): 1700 feet 
atc of Paleozoic-pebble conglomerate and sandstone (Oligocene?); (3) Safford Canyon 
a formation (new name): 700 feet of volcanic conglomerate and sandstone, rhyolitic tuff, 
S. and limestone (late Oligocene, early Miocene?); (4) Raine Ranch formation (new name): 
story 2000 feet of pumice lapilli tuff, volcanic breccia, lava flows, conglomerate, rhyolitic tuff, 
“i, ¥. diatomite, shale, and limestone (late Miocene); (5) 500 feet of rhyolite; (6) Carlin forma- 
tion (new name): at least 600 feet of tuffaceous conglomerate and sandstone, rhyolitic and 
The basaltic tuffs, diatomite, shale, and limestone (early Pliocene); (7) Hay Ranch formation 
Geol, (new name): several thousand feet of lacustrine clay, limestone, and rhyolitic ash with 
oath basin-border facies of conglomerate and fanglomerates (middle Pliocene—middle Pleisto- 
Bull. cene); (8) thin welded tuff (Pleistocene). Units 4, 6, and 7 are dated by vertebrate fossils. 
Basin and Range faulting was active from late Miocene to Pleistocene and may have 
. begun in Oligocene time. 
ricul- Rhyolitic tuffs are extensively altered to zeolites. The transformation seems to have 
Map taken place under the influence of the water of the lakes in which the volcanic glass was 
’ deposited. 
acia 
jana: CONTENTS 
logy 
hysi- 
sin TEXT re 
BT ess ints _ Structure of Pine Valley... .. 1204 
, . Summary of geologic history. . . . ; 1204 
Sea \Introduction.:........... Mbsciciwncds «Oe Aevatinn at wie tities. -... 1205 
iana{ General statement................. err Introduction... ; 1205 
Geography of the area studied............ 1189 Alteration to montmorillonite. . . 1205 
acigp’ Geologic setting................... -.. 1190 Alteration to zeolites... . 1205 
HABE NODES WOE: « oai0c 00's 064 coe cnet bralidae 1190 Silicification............ is _. 1208 
Acknowledgments. . terete eee es --- U9 References cited............... <4, SAR 
off Stratigraphy and structure agi a 
eni.| Outline of Cenozoic stratigrap ; pi) | a 
‘_ Structural framework. . . r : y patie 1192 ILLUSTRATIONS 
Volcanic rocks of the Cortez Mountains... 1192 Flew Pass 
log Rand Ranch formation............. 1198 1. X-ray-diffraction patterns of heulandite 1206 
awa, Safford Canyon formation............... 1193 2. X-ray-diffraction patterns of erionite 1208 
seo Raine Ranch formation. ...............-. 1195 3. X-ray-diffraction patterns of altered vitric 
Palisade Canyon rhyolite.......... . 1198 tuff 1209 
dio +=: Carlin formation............ spewhuereh ts ecanace ae Xa S's mat , . ia 
ota: eS Oe ere swsreces 1199 ©Pinte Facing page 
Hay Ranch formation......... os . 1199 1. Geologic map and cross sections, near 
yo Welded tuffs shit Saar vote 1203 Carlin, Nevada eis: 1189 
the} Pediments and recent warping............ 1203 2. Alteration of vitric tuffs....... ee 
-12 | 
Late) — penne erevortae ets ae pss esta ee 
igan 
red. INTRODUCTION 1). The alteration of vitric ash beds to clay, 
chert, and zeolites has been studied in detail. 
mI General Statement 


' ‘ Geography of the Area Studied 

ruii This paper presents the stratigraphy and 

structure of a particularly complex section of The described area covers three physio- 
Cenozoic rocks which is well exposed in the graphic units: the northern half of Pine Valley, 
vicinity of Carlin in northeastern Nevada (Pl. the broad basin in which lies the town of 
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Carlin, and the southern portion of the valley 
of Susie Creek. 

(1) Pine Valley is a north-south depression 
with the Pifon Range (elevation 8700 feet) to 
the east and the Cortez Mountains (elevation 
7200 feet) to the west. The floor of the valley is 
about 5000 feet above sea level. 

(2) The Carlin Basin is a broad depression 
with Marys Mountain (elevation 7500 feet) to 
the west and the West Elko Hills (elevation 
6500 feet) to the east. It is separated from Pine 
Valley by thick rhyolite flows, through which 
the Humboldt River has cut the impressive 
Palisade Canyon. The basin is drained by 
Maggie Creek, Susie Creek, and the Humboldt 
River. 

(3) The valley of Susie Creek lies between the 
West Elko Hills to the east and Swails Moun- 
tain—the southern termination of the Inde- 
pendence Range—to the west. Swails Mountain 
rises to more than 8000 feet, and the valley 
floor is 5000-5500 feet above sea level. 


Geologic Setting 


The published information on the Cenozoic 
of Nevada hes been summarized and _ inter- 
preted by Nolan (1943) and Van Houten 
(1956), whose paper also includes much original 
information. The following summary has been 
abstracted from these papers. 

Continental rocks, from early to late Tertiary 
age, are widespread in Nevada and consist of 
volcanic rocks and stream and lake sediments. 
They fill the basins and underlie the lower parts 
of some of the ranges. The upper Tertiary 
formations are accurately dated by numerous 
assemblages of fossil vertebrates, whereas the 
lower Tertiary formations, which have yielded 
only fossil plants and fresh-water mollusks 
and ostracods, are dated in fewer places and 
with less precision and certainty. 

Lower Tertiary formations of eastern Nevada 
consists of Eocene (?) limestones and mud- 
stones, which are associated with volcanic 
rocks and Paleozoic-pebble conglomerates. In 
northeastern Nevada, in the vicinity of Elko, 
oil shales and limestones are probably Oligo- 
cene. In western and central Nevada, lower 
Tertiary rocks are represented chiefly by thick 
sequences of volcanic flows and _ pyroclastic 
rocks, ranging in composition from rhyolite to 
basalt. In places they are referred to early 
Tertiary solely because they underlie upper 
Tertiary sediments. They are as old as Eocene 
(?) in the Silver City district of western Nevada 
(Gianella, 1936, p. 50-52). 
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Upper Tertiary sediments, which range from 
upper Miocene to Pliocene, are very widespread 
and are known chiefly under the names of 
Truckee, Esmeralda, Humboldt, and Panaca 
formations. In contrast to the lower Tertiary 
formations, these deposits have a fairly uniform 
lithofacies which consists of fine vitric tuffs and 
ashes interbedded with mudstones, sandstones, 
diatomites, and limestones. For that reason 
they have been called collectively the “vitric 
tuff unit”? by Van Houten (1956). There are 
also basin-margin conglomerates, and, locally, 
coarse pyroclastic rocks and lava flows are 
present. 

Pleistocene lake beds exhibiting shore fea- 


tures are widespread; most authors refer them | 


to the Wisconsin stage. Dissected early Pleisto- 
cene or Plio-Pleistocene deposits are also 
known. Basalt flows and small volcanic cones in 
several localities have been referred to the 
Pleistocene. 

Early Tertiary (?) thrusting has been recog: 
nized at Pioche, and in the Jackson Moun- 
tains (Willden, 1957). Later Tertiary orogeny 
seems to have been chiefly normal faulting and 
minor gentle folding (except in southern 
Nevada, where late Tertiary thrusting has 
taken place). The dominant process is the 
block faulting which produced the Basin and 
Range structure. This faulting began as early 
as Oligocene and has continued intermittently 


to the present. The last period of large-scale , 


faulting, responsible for the present-day topog- 
raphy, has generally been referred to the late 
Pliocene to early Pleistocene. 


Previous Work 


The area of this study is included in the geo- 
logic maps of the Exploration of the Fortieth 
Parallel (King, 1876, Atlas Pls. 4-5), which 
afford a rough delimitation of the Tertiary 
outcrops. The Tertiary was subdivided into 
volcanic rocks and sediments. All the Tertiary 
sediments of the area of this study were re- 
ferred to the Humboldt group, which was 
considered to be Pliocene. 

Emmons (1910) presented a geologic map of 
the area, which is a simplified version of that of 
the Exploration of the Fortieth Parallel, and a 
brief description of the geology of the Safford 
district, which lies 3 miles southwest of Pali- 
sade. Lee, Stone, and Gale (1915) gave some 
observations on the Palisade Canyon. 

Van Houten (1956), in the course of a general 
study of the Cenozoic of Nevada, briefly 
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INTRODUCTION 


from described some of the formations in Pine Valley. 
pread He indicated the fossil localities with their age 
es of determinations and correlated the formations 
inaca | with the rest of the Cenozoic of Nevada. Reeves 
rtiary and Shawe (1956) described the lithology and 


iform the structure of the volcanic rocks of the Cortez 

sand Mountains, south of Palisade. 
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and STRATIGRAPHY AND STRUCTURE 
ie Outline of Cenozoic Stratigraphy 
scale, The Cenozoic in the vicinity of Carlin, 
pog- | Nevada, can be subdivided into nine mappable 
late } units: 
Alluvium Late Pleistocene 
| Pediment gravels and depos- to recent 
its of the present drainage 
— Welded tuffs Late Pleistocene 
: 30 feet 
ieth 
hich Erosional unconformity 
lary | Hay Ranch formation Middle Pliocene 
Into | Possibly several thousand feet to Middle 
lary of fanglomerates, conglom- Pleistocene 
re- erates, sandstones, clays, 
was and limestones. Some vitric 
: ash beds mostly altered to 
D ol zeolites 
t ol 
dé Carlin formation Early Pliocene 
one At least 600 feet of tuffaceous 
ali- sandstones and conglomer- 
me ates, vitric tuffs, shales, 
limestones, and diatomite 
eral § Palisade Canyon rivyolite Late Miocene or 





efly | 500 feet early Pliocene 
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Slight angular unconformity 


Raine Ranch formation Late Miocene 
2000 feet of lapilli tuff, vol- 

canic breccia, lava flows, 

vitric tuffs, diatomites, 


shales, and limestones 
Slight angular unconformity 


Late Oligocene (?) 
or Early Mio- 


Safford Canyon formation 
700 feet of tuffs, tuffaceous 
conglomerates, and sand- cene (?) 
stones 
Slight angular unconformity 


Rand Ranch formation Oligocene (?) 
1700 feet of sandstones and 


conglomerates 
Erosional unconformity 

Volcanic rocks of the Cortes Early Tertiary (?) 

Mountains 
Two sequences of flows and 

pyroclastic rocks separated 

by an angular unconform- 

ity. The total thickness is 

at least 3500 feet. 


The suggested age for the three older forma- 
tions is inferential, whereas the others are 
dated by vertebrate fossils or by their strati- 
graphic relations. In addition to the units listed 
above, some small olivine-basalt plugs cut 
through the Raine Ranch formation and may be 
contemporaneous with the Carlin formation. 

New names are proposed for the formations 
described in the present paper. The term 
Humboldt is not used on account of its impre- 
cision: King (1877, p. 540; 1878, p. 392-393) 
considered that Tertiary sedimentary rocks in 
northeastern Nevada consisted of an Eocene 
and a Pliocene group. The Eocene group was 
represented by the well-known Elko oil shale 
(Winchester, 1923, p. 91-103), and the Pliocene 
group was named by King the “Humboldt 
group.”’ Sharp (1939) redescribed the Tertiary 
rocks in the Elko area. He concluded that all 
belong to the same formation, which he named 
the “Humboldt formation” and considered to 
be late Miocene. According the Sharp the 
formation consists of three members, the 
Elko oil shale being part of the lower member. 
The age determination was based on plant 
remains collected from the Elko oil shale 
(Sharp, 1939, p. 152-154) and on fossil verte- 
brates from the McKnight locality on the 
North Fork of the Humboldt River (Merriam, 
1914). 
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However, more recent work in the area 
indicates that Sharp’s views may have to be 
revised. The Elko oil shale has yielded snails, 
which suggest Eocene or Oligocene age, and 
fossil leaves which are late Oligocene or early 
Miocene; petroliferous limestones, which are 
part of the lower member of the ‘Humboldt 
formation,” overlie the Elko oil shale south of 
Elko and contain snails of early Cenozoic 
(pre-Miocene) age (Van Houten, 1956, p. 2812). 
According to Axelrod (1956, p. 64), fossil 
leaves from the middle member of the “Hum- 
boldt formation” are early Pliocene. The age 
determination of the fossils from the McKnight 
locality has been revised by Stirton (1940, p. 
634) who concludes: “The geologic age of the 
material is uncertain. As Merriam has sug- 
gested it is probably in the later Miocene.” 
The stratigraphic relationship of the type 
section of the “Humboldt formation” to the 
beds of the McKnight locality, 50 miles to the 
northeast, has not been described. 

Late Miocene (or early Pliocene) and also 
early Pliocene vertebrate-fossil localities are 
indicated by Van Houten (1956, p. 2805) in 
the Elko area where the stratigraphy is prob- 
ably more complicated than Sharp envisioned. 


Structural Framework 


Only Cenozoic structures are within the 
scope of this paper. Basin and Range faulting, 
which is accompanied by minor folding and 
small-scale faulting, is dominant (PI. 1). 

Pine Valley is a trough filled with Cenozoic 
sediments. This trough was formed through the 
elevation of the Pifon Range along a normal 
fault and the eastward tilting of the Cortez 
Mountains. The fault can be traced along the 
western edge of the Pifion Range from the 
northern end of Pine Valley to the southern 
end of the area. Its presence is indicated by the 
regularity and smoothness of the western 
edge of the Pifion Range, its independence from 
the internal structure of the range, and the 
presence of thick Plio-Pleistocene fanglomerates 
at the foot of Pine Mountain. Springs, some of 
them hot, tufa deposits, and oil seeps occur 
along the trace of the fault. The nature of the 
fault is evidenced by a fault breccia at Red 
Springs which dips 60° W. and by closely 
spaced, steeply west-dipping joints along 


Trout Creek in the Paleozoic outcrops of the 
footwall of the fault. Wells drilled through the 
Cenozoic sediments, a short distance west of 
the fault (sec. 11, T. 27 N., R. 52 E.), pene- 
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trated into the Paleozoic rocks at a depth of a} AcE: T 
few hundred feet. Evidence discussed belowCortez M 
indicates that the fault originated in Oligocene northwes' 
(?) time and was active intermittently through silicified 

late Cenozoic time. The trough becomes nar- ithe easte 
rower and shallower toward the north, and the |‘younger 
fault, which is hidden by rhyolite flows at the\cene Rait 


northern end of Pine Valley, seems to die out Miocene 
in that direction. formatior 
The upper part of the valley of Susie Creekis | Fresh-\ 


also a structural basin created by faulting, carly Ter 
but the structure is the reverse of that of Pine communi 
Valley, in that faulting took place along the |Carlin (N 
western edge of the basin. The evidence for a jad cut 
fault is presented below. Faulting took place in /40), in a 
late Miocene and does not seem to have been pravel in 
renewed. The fault becomes hidden by lower |the ‘‘old¢ 
Pliocene sediments and dies out toward the Shawe. I: 
south. volcanisn 
The Carlin basin was created by warping in Cortez M 
late Miocene and is probably fairly shallow. _ Tertiary. 
Cenozoic formations, except the latest! 
Pleistocene deposits, were tilted during the| 
Basin and Range faulting. Dips do not exceed | 
35°. In Pine Valley, where faulting took place | 


from Oligocene (?) to Pleistocene, the older wagerieir 
formations are the more tilted. apes 
The only large folds are those that affect} ~~~ 
rhyolite flows southwest of Carlin. jind baie 
; rocks of 


eastern e 
The thicl 
in secs. 9 
The be 
pebble ¢ 
a ; __ |volcanic 
“The northern part of the Cortez Mountains, | omposec 
extending 20 miles south from Palisade, is composed 
of a thick sequence of flow and pyroclastic rocks of |" 
Tertiary age. These include at least 2500 feet of an The sant 
older sequence of Eocene or Oligocene age and at |poorly r 
least 1000 feet of a younger sequence of late Miocene |hacic lay 
and early Pliocene age that unconformably overlies , 
the older rocks. : 
“Rocks of the older sequence range from andesite [leet of 
to latite. They are folded into north-trending open |sandston 
folds and are cut and metamorphosed by intrusive The cong 
rocks of Oligocene (?) age ranging from diorite to | 
granodiorite. The older volcanic rocks are exten- 
sively altered with enrichment in K and Fe. sandston 
“The younger sequence of rocks ranges from diameter 
andesite to rhyolite. They dip from a few degrees to teommon 
40° E. and interfinger with the Humboldt formation 
on the eastern edge of the range.” 


Volcanic Rocks of the Cortez Mountains 


DESCRIPTION: Reeves and Shawe (1956) de- 
scribed the volcanic rocks of the Cortez Moun- 
tains as follows: 





land basa 


The uy 


to roun¢ 


rates fort 
in places 

A study of the eastern edge of the Cortez on a lars 
Mountains has shown that the “younger common 
sequence”’ also contains abundant basalt and | grained | 
does not interfinger with the “Humboldt |than 1 | 
formation” but underlies pre-upper Miocene !minerals 
sediments. bedded. 








: 





bth of a) AGE: The age of the volcanic rocks of the 
| below {Cortez Mountains is not certain. Three miles 
igocene northwest of Palisade they overlie vertical 
hrough silicified Paleozoic conglomerates, and, along 
es nar-ithe eastern edge of the range, the rocks of the 
and the|‘younger sequence” underlie the upper Mio- 
at theene Raine Ranch formation and the pre-upper 
die out Miocene Safford Canyon and Rand Ranch 
formations. 
reekis| Fresh-water gastropods of Cretaceous or 
aulting, early Tertiary age (Van Houten, 1957, personal 
of Pine ommunication) have been found west of 
ong the Carlin (NW14, sec. 13, T. 32. N., R. 50 E., ina 
ce for a jad cut on the south side of U. S. Highway 
place in /40), in a thin bed of clay and angular volcanic 
ve been \gravel interbedded with the volcanic rocks of 
y lower |the “older sequence” defined by Reeves and 
ird the Shawe. In the absence of evidence of Cretaceous 
volcanism in Nevada, the volcanic rocks of the 
ping in |Cortez Mountains are here referred to the early 
low. _ Tertiary. 
latest | 
ng the | 
exceed | 
k place | 
e older 


Rand Ranch Formation 


LITHOLOGY: The Rand Ranch formation, 
named after the Rand Ranch (SW!4 T. 30 N., 
R. 52 E.), consists of 1700 feet of sandstones 
and conglomerates which rests on the volcanic 
rocks of the Cortez Mountains along the 
eastern edge of that range and dips 15°-30° E. 
The thickest section of the formation is exposed 
in secs. 9 and 10, T. 29 N., R. 51 E. 

The basal 450 feet consists of gray volcanic- 
pebble conglomerates and gray and yellow 
volcanic sandstones. The conglomerates are 
composed of subrounded to rounded andesite 

mpose ‘ ae 

ocks of (2d basalt pebbles up to 8 inches in diameter. 
st of an|The sandstones are well sorted and comprise 
and at |poorly rounded fragments of very weathered 
Hiocene lhasic lava. 

' The upper part of the section consists of 1250 
ndesite leet of interbedded white, yellow, and red 
ig open jandstones and Paleozoic-pebble conglomerates. 
wrhog: |The conglomerates are composed of subrounded 

exten! |\® rounded pebbles of chert, quartzite, and 
‘e. sandstone in a sandy matrix. The maximum 
s from diameter of the pebbles is 1 foot, but the most 
rees 0 teommon diameter is 1—2 inches. The conglome- 
mation ps i 

tates form beds and lenses up to 25 feet thick; 
in places they are well indurated. Cross-bedding 
Cortez on a large scale and scour-and-fill channels are 
unger common features. The sandstones are fine- 
It and {grained and are composed of quartz and less 
nboldt |than 1 per cent chert, feldspar, and heavy 
iocené!minerals. They are thinly bedded and cross- 
bedded. These beds are conformable with the 


_ affect 


1ins 


56) de- 
Moun- 





intains, 
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volcanic conglomerates and sandstones of the 
basal portion of the section. 

LOWER CONTACT: The Rand Ranch formation 
rests conformably on the volcanic rocks of the 
Cortez Mountains. 

AGE AND CORRELATION: The Rand Ranch 
formation has yielded only some very poor 
plant remains and some silicified and hemati- 
tized wood which are valueless for age determi- 
nation. It is tentatively referred to the Oligo- 
cene on account of its stratigraphic position 
between the volcanic rocks of the Cortez 
Mountains and the pre-upper Miocene Safford 
Canyon formation. Van Houten (1956, p. 2812) 
suggested that the Rand Ranch formation 
might be equivalent to Paleozoic-pebble 
conglomerates in northwestern Utah and 
adjacent Nevada, which are unconformably 
overlain by upper Tertiary tuffaceous units. 
Lower Tertiary (?) conglomerates have also 
been described in the Jackson Mountains 
(Willden, 1957). 

PHYSICAL SETTING: The sedimentary features 
indicate that the Rand Ranch formation is an 
alluvial deposit. The coarseness and the thick- 
ness of the sediments indicate that high relief 
existed at the time. The present site of the 
Cortez Mountains was a low area. 


Safford Canyon Formation 


LITHOLOGY: The Safford Canyon formation 
was named after a tributary of the Humboldt 
River southwest of Palisade. It consists (Section 
1) of 700 feet of water-laid vitric tuffs and 
tuffaceous volcanic sandstones and conglome- 
rates which form an open, north-plunging 
syncline at the northern end of Pine Valley. 

The lower part of the formation is a 50-foot 
bed of coarse volcanic-pebble conglomerate 
which rests in sedimentary contact on the 
volcanic rocks of the Cortez Mountains. The 
rest of the formation consists of interbedded 
vitric tuffs, conglomerates, and sandstones, 
and a 20-foot bed of limestone. 

Conglomerates and sandstones consist pre- 
dominantly of volcanic detritus derived from 
the volcanic rocks of the Cortez Mountains and 
a small amount of Paleozoic material. Cross- 
bedding and scour-and-fill channels occur in 
many places. 

Most of the vitric tuffs are altered to heulan- 
dite and to green chert. Both types of alteration 
occur in the same beds. Fresh volcanic glass in 
two beds has an index of refraction which indi- 
cates a rhyolitic composition. Fine bedding, 
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Section 1. Safford Canyon Formation 
Section measured from the NE}4 sec. 11, T. 31 N., R. 51 E., toward the center of sec. 1, same townshij 
Thickness 
(In feet) 
Top: eroded 
D.10 Light-gray to white vitric tuff, well bedded and cross-bedded, alternating with 
tuffaceous sandstone and conglomerate; tuff friable with colorless glass shards 
having incipient alteration to montmorillonite; some tuff beds with fresh glass 
shards (n = 1.496 + 0.002), small amount of quartz, feldspar, biotite, green 
WU ee ee RCT eee oe LER PON Sy ee sates ETRE OR eS 150 681 | 
D.9 Green, dark-brown-weathering volcanic conglomerate and sandstone, well 
bedded, cross-bedded, and with scour-an:d-fill channels; green siliceous cement 211 531 
D.8 White, hard, massive calcilutite having ve'nlets of white opal, insoluble residue 
of colorless glass shards (n = 1.496 + 0.002), angular fragments of quartz, 
feldspar, biotite, altered lava; in EM, sec. 12, T. 31 N., R. 51 E., same bed has 
signal etructures ahd is partly Ooltic........06 0 Sree ee code wee 20 = 320 
D.7 Garter merece Ga ey) eee ee tee 30 = 300 
D.6 Green, dark-brown-weathering volcanic sandstone and conglomerate, well | 
pedded across pda. ere cc Anas chee ores sa nae bee betes ees 68 270 
D.5 White and green altered vitric tuff; top half thinly bedded, bottom half an intra- 
formational conglomerate with rounded fragments of tuff up to 1 foot in 
diameter in matrix of similar tuff; white tuff soft with about 20 per cent grains 
of sanidine, orthoclase, plagioclase, quartz, altered lava, green hornblende in 
cryptocrystalline matrix of heulandite with vitroclastic texture; green tuff 
compact and flinty, with same grains in matrix, with vitroclastic texture, of 
heulandite, opal, celadonite (?); both types of alteration occur in the same 
BREA ees bee OR SOU eons 7 cele ats HOA hd MO a PAIN oehytila 29 =—-202 
D.4 Green altered volcanic tuffaceous volcanic sandstone; about 60 per cent some- 
what rounded grains of altered lava and silicates of volcanic origin; matrix of 
heulandite, opal, and celadonite (?) has indistinct vitroclastic texture; few 
volcamic conglomerate INtGEDRdS 5 ...< . -ss.cvco nv ab see gsacke ween die ereis 24 173 
D.3 White and green altered vitric tuff; similar to D.5...................00050- . 31 149 
D.2 Green, medium-hard, porous, altered vitric tuff, thinly bedded, cross-laminated; 
about 60 per cent glass shards and small pumice fragments replaced by heu- 
landite and coated with celadonite (?); somewhat rounded fragments of 
altered lava and silicates of volcanic origin; scattered volcanic pebbles.... 62 118 
D.1 Volcanic-pebble conglomerate, well bedded, with green tuffaceous cement; 
angular to subrounded pebbles and boulders of weathered basalt, andesite, 
SEEGER ETS DSM eae Seer, Se canner ee SEALY. Rael ee ey Rend ee nag Sees MeN CEO EAE 56 56 
Bottom: sedimentary contact on the volcanic rocks of the Cortez Mountains 
cross-lamination, and intraformational con- AGE AND CORRELATION: No fossils have been 
glomerates indicate that the tuffs are water- found in the Safford Canyon formation. It 
laid. They are mixed with up to 20 per cent vol- occupies the same stratigraphic position as the 
canic sand. Rand Ranch formation, between the volcanic} 
The limestone bed can be traced more than 2 rocks of the Cortez Mountains and the upper! 
miles along a semicircular belt of outcrop. It Miocene Raine Ranch formation. It is not | 
ranges from a white calcilutite to an odlitic and facies of the Rand Ranch formation because,! 
algal limestone. although formed in the same area and by the| 
LOWER CONTACT: The Safford Canyon forma- same agents, one formation is very tuffaceous 
tion rests on the volcanic rocks of the Cortez and the other is entirely lacking in pyroclastic 
Mountains with a slight angular unconformity. elements. The Safford Canyon formation is 
In NE}4 sec. 35, T. 31 N., R. 51 E., the beds believed to be younger than the Rand Ranch} 
dip 25° E. and rest on flows that dip 35° E. In formation. The Rand Ranch formation lies 
sec. 2, T. 31 N., R. 51 E., the formation strikes conformably on the volcanic rocks of the 


N. 10° W. and dips 15° E., whereas the volcanic 
rocks strike N. 20° E. and dip 20° E. 


Cortez Mountains, whereas the Safford Canyon 
formation lies unconformably on them. This 
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STRATIGRAPHY AND STRUCTURE 


indicates that deposition of the Rand Ranch 
formation, tilting, erosion, and deposition of 
the Safford Canyon took place in succession. 

The Safford Canyon formation might be the 
equivalent of a tuffaceous Oligocene (?) forma- 
tion described by Van Houten in northeastern 
Nevada (1956, p. 2813). 

PHYSICAL SETTING: The presence of an 
angular unconformity at the base of the Safford 
Canyon formation and the abundance of 


' locally derived volcanic detritus throughout the 


section indicate a volcanic highland mass, 
presumably at the site of the Cortez Mountains. 
Alluvial and lacustrine sedimentation alter- 
nated. There is no evidence of local volcanic 
activity. 


Raine Ranch Formation 


LITHOLOGY: The Raine Ranch formation 
(named for a ranch in sec. 6, T. 31 N., R. 52 E.) 
is a thick tuffaceous unit which crops out in the 
northern part of Pine Valley and in the valley 
of Susie Creek. The best exposures are found in 
Pine Valley, where the formation is not faulted 
and dips uniformly 15° E. 

A 1500-foot section was measured west of 
Pine Creek (sec. 2) and a shorter section east 
of the creek (sec. 3). The formation can be 
subdivided into two members. The lower 
member consists of a thick lapilli tuff, a volcanic 
breccia, and a basalt flow. The lapilli tuff, 
which is up to 400 feet thick, forms a continuous 
outcrop from the northern end of Pine Valley 
to Devils Gate. It is a soft, massive, white to 
cream-colored rock, composed of rounded 
pumice fragments up to 6 inches in diameter, 
embedded in a matrix of smaller pumice frag- 
ments, glass dust, and crystals of labradorite, 
sanidine, quartz, biotite, hornblende, and 
pyroxene. The tuff contains also some angular 
fragments of lava ranging from rhyolite to 
basalt. The volcanic breccia, which overlies 
the lapilli tuff, is as much as 100 feet thick in 
some places. It is composed of unsorted gray 
and red quartz andesite blocks, up to 3 feet in 
diameter, in a tuffaceous matrix. In secs. 13 and 
24, T. 31 N., R. 51 E., a thin flow of scoriaceous 
hypersthene basalt overlies the volcanic breccia. 

In places a slight erosional unconformity 
separates the lower member of the formation 
from the upper member, which consists of 
water-laid sediments among which vitric tuffs 
predominate. In the lower beds, the vitric tuffs 
are interbedded with coarse detrital material 
which, on the west side of the valley, was 
derived from the volcanic rocks of the Cortez 
Mountains and on the east side was derived 
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from Paleozoic outcrops. The coarseness of the 
detrital elements, well-defined bedding, and 
scour-and-fill channels indicate alluvial deposi- 
tion. The upper beds which consist of very 
pure vitric ash, interbedded with diatomites, 
shales, and fossiliferous limestones, are lacus- 
trine. The ash has been slightly reworked; it 
displays fine lamination, cross-bedding, and 
ripple marks. 

Throughout these water-laid beds the vol- 
canic glass is colorless and consists of shards 
and pumice fragments smaller than 2 mm. The 
index of refraction varies within narrow limits 
(1.497 + 0.002 to 1.508 + 0.002) and incidates 
a rhyolitic composition. In some beds, however, 
there is a small amount of brown glass of 
basaltic composition. The lake-laid ash beds 
contain less than 5 per cent quartz and feldspar 
and a negligible amount of dark minerals. The 
tuffs that are interbedded with volcanic con- 
glomerates contain up to 20 per cent quartz, 
feldspar, and dark minerals which are prob- 
ably detrital. Most of the tuff and ash beds 
are fresh, but some are altered to heulandite 
and green chert. 

The section in the valley of Susie Creek is 
substantially the same, except that the volcanic 
breccia is overlain by approximately 200 feet of 
basalt and andesite flows. 

LOWER CONTACT: In Pine Valley, the Raine 
Ranch formation rests unconformably on the 
older Tertiary formations. A normal fault 
separates the Raine Ranch formation from the 
Paleozoic rocks of the Pifion Range. The fault 
has topographic expression, and at Red Springs 
a silicified fault breccia dips 60° W. 

In the valley of Susie Creek, the Raine Ranch 
formation rests in sedimentary contact on the 
Paleozoic rocks of the West Elko Hills. It is 
faulted against the Paleozoic along the eastern 
edge of Swails Mountain. The contact is hidden 
by pediment gravels. The lower beds of the 
Raine Ranch formation, however, are missing 
near the contact, and the beds dip toward it. 

AGE AND CORRELATION: The Raine Ranch 
formation is dated as late Miocene by verte- 
brate fossils found at three localities in stream- 
laid tuffs and conglomerates which lie a few 
hundred feet above the the upper 
member of the formation. 

(1) Camp Creek locality, near the junction 
with Susie Creek (NE1!4 sec. 2, T. 35 N., R. 
53 E.). Fossils from this locality were collected 
by Lovejoy (1959, p. 557) during the summer of 
1956 and donated to the American Museum 
of Natural History (AM-45823 to AM-45827): 
Merychippus sp., resembling forms in the Lower 


base of 
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Section 2. Raine Ranch Formation 
Section measured in secs. 35 and 36, T. 31 N., R. 51 E., and sec. 31, T. 31 N., R. 52 E. Sli 
my ile 
Hay Ranch formation Dark-re 
Light-gray vitric ash with clear colorless glass shards (n = 1.502 + 0.002), thinly lami- a - 
nated and cross-bedded; reedlike plant remains.....................0...005. Sees Sa 1477 eg 
ie ~. | White 1 
Greenish-brown vitric tuff with volcanic gravel interbeds.....................0000. 27 1473 
lar te 
White, thinly laminated diatomite with light-gray volcanic-ash interbeds which contain ” 
clear colorless glass shards (n = 1.500 + 0.002).........0.0c0ccccccceceeveeveuen 71 144g} ON 
Light-gray clayey diatomaceous vitric ash which contains clear colorless glass shards mace 
(n = 1.502 + 0.002) and trace of quartz and feldspar; thinly laminated............. 13 1377 
WANG ARUBA GCE AP ONG ioc. ah. cdo okie Sasi Raton yes AE Re wa bE la sca Neds oGlg Ewe 2 1364 | Botton 
Light-gray vitric ash with clear colorless glass shards (n = 1.502 + 0.002); thinly lami- 
BAGO RDI IRAN hoa a5 ce. 5050 FRIES och HG HISTO 04 0 6. 0 hin CUR 4 score BAA Cea ees 23 1362 
WiMnihe MARANA NEE ios ech ai tiigiace eid he caide vos oo bee hse Sie bos ww Here i ore 1339 Sect 
RUAN OL PR TAI. cle 25054 hs pars ata br tipigadh Lid Fdepel Sais: 0814.84 Gay 09 BID OUTS MoE es 2 1325 } tion of 
Fa RERRO NR ONAN 5 rare ike 5 5 crs oid ast ekg sc 0s ds. a,0 ps eave Gs 4s sUb ala he S ANGER Woes 1 1323 
Light-brown vitric tuff composed of about 95 per cent clear colorless glass shards (n = 
1.502 + 0.002), 5 per cent brown glass shards (n = 1.565 + 0.005), and traces of quartz Hay R 
GUE TERROR 6 im6n 3 Wey since: duis att esemee eames Mes LANA eect in, MEA eet 23 1322 | B14 
White diatomite with light-gray vitric-ash interbeds.................. 00. ceeeeeeeeee 14 1299 
Light-gray vitric ash composed of clear colorless glass shards (n = 1.507 + 0.002) and B.13 
CRRDUS OF GUBTER BN TORRES so ico cciyoiaacpan ces de Onc elev do Pade e  eaaweoeee 8 1285 | p12 
ES no) RO a a ce ee on by ere ne ene eee 2 1277 
White vitric tuff composed of clear colorless glass shards (n = 1.500 + 0.005) wal ren B.11 
than 5 per cent quartz and feldspar, traces of biotite, thinly bedded............ out SEB 1275 
Light-gray vitric ash composed of about 90 per cent colorless cloudy glass shards (a = B.10 
1.508 + 0.002), some brown glass shards, and less than 5 per cent quartz and feldspar, B.9 
PEM UM rats hin wy samieee tata dl = -s LEN ea Soe ohne . 40 1257 | Bg 
De ite MAREN MAMREION Ee acc 52 5 a sce is, dks wi gea Ot LEON A DO Ee 2 1247 | B7 
Brownish and greenish vitric tuff and volcanic conglomerate, thickly bedded............ 50 1245 
SURO IRAE MLO Sis hire dance beams lig nc os ace eoney ea es ot Ne 1195 | po 
Vitric tuff and volcanic conglomerate, thickly bedded..... Se, AS ees de ELE 39 1184 | ps 
Light-blue vitric ash composed of clear colorless glass shards (n = 1. 505° + 0. 005), less B.4 
than 1 per cent quartz and feldspar, and traces of dark minerals; thinly bedded, cross- B3 
es Gs oun hart oe teks aes ah ch ore eechten AEA ah eR ttl hey et RAN ha 30 1145 
Gray, light-brown-weé sllening: vitric tuff Manion about 70 per cent glass shards pe a" 
pumice fragments, mostly colorless (n = 0.507 + 0.003), some brown glass (n = 1.575 B.2 
+ 0.005), and about 30 per cent feldspar, quartz lava fragments, biotite, green horn- 
blende, pyroxene; beds of tuff up to 20 feet interbedded with beds and lenses of con- B.1 
glomerate, which contain angular to subrounded pebbles up to 15 inches, ranging from 
rhyolite to basalt; cross-bedding on a grand scale, scour- and fill-channels; some tuff 
beds cemented by calcite forming prominent ledges; upper Miocene camelids...... . 390 1115 
Light-tan sandy mudstone; mostly covered. ............0000scccucccceetetees ae ae 725 Botte 
Greenish altered tuffaceous sandstone; mostly covered.................... ov 02 a3] 
White and green vitric tuff altered to clay, calcite and opal. . An taNeh ec A 47 573 | Snak 
Volcanic conglomerate and sandstone; pebbles up to 4 inches ranging from rhyolite to } M. | 
basalt; well bedded, cross-bedded, cakite eS REAR Tr ET Cate oe 16 526 | (ider 
White vitric tuff containing colorless glass shards (n = 1.497 + 0.002) with ineiglent (not 
alteration to montmorillonite and less than 1 per cent feldspar and quartz and traces (2 
of biotite, green hornblende, magnetite, apatite, zircon; bottom thinly laminated and 36,17 
cross-bedded; top an intraformational conglomerate composed of angular fragments age | 
of underlying tuff in gravelly tuffaceous matrix grading into overlying conglomerate. 14 510 fossi 
Volcanic conglomerate and sandstone................. hy snbiains 20 496 Nat 
Gray volcanic sand composed of fragments of lava and water-worn grains of quarts and (3 
feldspar; some glass shards and pumice fragments; thinly bedded, cross-bedded...... 91 476 
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Slight local erosion 
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Dark-red-weathering breccia having unsorted angular fragments ond blocks up to 3 feet 


in diameter of light-gray and pink quartz andesite; 
overlain by a thin flow of scoriaceous hypersthene basalt . 


White to cream, light-tan-weathering, soft, massive pumice lapill tuff composed ot angu- 
lar to rounded pumice fragments up to 6 inches in matrix of smaller pumice fragments 


and glass dust (n 


quartz, biotite, green hornblende, hypersthene, augite; scattered angular lava frag- 
ments up to 4 inches ranging from rhyolite to basalt; black silicified wood 


Bottom: 


Thickness 
(In feet) 
MOREE solute ekinthet 15 385 
tuffaceous cement; in places 
50 370 
1.505 + 0.005) and crystal fragments of labradorite, sanidine, 
320 320 


sedimentary contact on the Rand Ranch formation. 


Section 8. Raine Ranch Formation 


Section measured in the NE} sec. 20, T. 31 N., 


R. 52 E. 


This section seems to be the upper continua- 


tion of section 2, but a slight gap or some repetition may be present. 


Hay Ranch formation 


Light-gray vitric ash; thinly bedded, cross-bedded; some beds opalized (gray 


Thickness 
(In feet) 


B.14 
chert).. ; 15:36 
B.13 bye tuff ered to » heulandite (white) and silicified (green) 20 «321 
B.12 Light-gray shale; chert concretions; abundant pelecypods, gastropods, ostra- 
cods; poorly preserved plant remains; some fish bones. . ad Bat oe 
B.11 Blue, sandy vitric ash, containing clear colorless glass shards bs ins to 50); 
thinly bedded, cross-bedded.... . 21 288 
B.10 White slabby tuffaceous limestone 15 267 
B.9 White massive diatomite. 16 252 
B.8 Vitric tuff partly silicified.................... 7 236 
B.7 Light-gray vitric ash composed of clear colorless prnen shards (n dai: to 1.50); 
thinly bedded, cross-bedded, ripple marks 103 229 
B.6 Light-gray vitric tuff and yellow silicified tuff; poorly noni 26 =6126 
B.5 Greenish vitric tuff, thinly bedded.............. 9 100 
B.4 Light-gray vitric ash, ostracods, thinly bedded, cross- bodied 29 91 
B.3 White tuffaceous limestone; chert concretions; abundant pelecypods, gastro 
pods, ostracods; at bottom tuffaceous shale rich in matted reed and 1-foot bed 
of peat, partly silicified 25 62 
B.2 Gray rhyolite breccia containing angular bles of flow-banded chyelite in 
siliceous matrix 2 37 
B.1 Greenish vitric tuff composed of clear oabindens glass shards (n cleus to 1. 50), 
small amounts of feldspar, quartz, and dark minerals; interbeds of coarse 
35 35 


sand and gravel, mostly volcanic 


Bottom: not exposed 


Snake Creek of Nebraska (identification by 
M. F. Skinner); camelids of late Miocene age 
(identification by C. H. Falkenbach); turtle 
(not identified). 

(2) Five miles south of Palisade (NE}4 sec. 
36, T. 31 N., R. 51 E.), camelids of late Miocene 
age (identification by C. H. Falkenbach). These 
fossils are also in the American Museum of 
Natural History (AM-44991 and AM-44993). 

(3) Five miles southeast of Palisade (NE!4 
sec. 20, T. 31 N., R. 52 E.), Merychippus sp., of 


Barstovian age (Van Houten, personal commu- 
nication). 

An isolated patch of tuffaceous sediments in 
the Carlin Pass ceri 14 sec. 15 or N14 sec. 22, T. 
32 N., R. 52 E.) yielded a jaw of Tomarctus-like 
canid, which resembles a form in the Lower 
Snake Creek fauna of Nebraska, and a large 
camel. These fossils suggest a Barstovian age 
but may be slightly older (Van Houten, per- 
sonal communication). 

The upper beds of the Raine Ranch formation 
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in Pine Valley (sec. 20, T. 31 N., R. 52 E.) 
yielded gastropods of Oligocene or Miocene 
age (Van Houten, personal communication). 

Numerous late Miocene and late Miocene 
or early Pliocene fossil localities are known in 
Nevada (Van Houten, 1956). The thick lapilli 
tuffs and lava flows described in the Roberts 
Mountains (Merriam and Anderson, 1941) 25 
miles south of the map area may be correlative 
with the lower member of the Raine Ranch 
formation. The Raine Ranch formation may be 
present northeast of Lone Mountain, 15 miles 
north of the map area, where late Miocene 
vertebrate fossils have been collected from vitric 
tuffs (Lovejoy, 1959, p. 557). 

PHYSICAL SETTING: The nature of the beds of 
the lower member of the Raine Ranch forma- 
tion indicates the presence of volcanic centers 
in the area; no evidence of their presence has 
been found within the map area. Granitic bodies 
and felsitic dikes occur at Swails Mountain, 
and granodiorite and quartz porphyry occur in 
the Pifion Range, east of Pine Mountain 
(Emmons, 1910). The age of these intrusive 
bodies, which are not in contact with the 
Tertiary formations, is not known. However, 
on the basis of potassium-argon dating, the 
quartz monzonite intrusive body of Nannie’s 
Peak, 15 miles north of the map area, is 
Cenozoic and probably Miocene. This dated 
intrusive body is part of a complex of stocks 
and dikes which range from diorite to quartz 
porphyry (Lovejoy, 1959). 

The distribution of pebbles in the Raine 
Ranch formation (volcanic rocks on the west 
side of Pine Valley, Paleozoic rocks on the east 
side) is identical to that of the present drainage. 
This fact suggests that the present distribution 
of highlands and basins was in existence when 
the Raine Ranch formation was deposited. 


Palisade Canyon Rhyolite 


LITHOLOGY: Extensive flows of rhyolite 
form a major element of the landscape south- 
west Carlin. They separate the Carlin 
basin from Pine Valley; they are folded into 
an open syncline in which flows the Humboldt 
River and an anticline that determines a ridge 
1000 feet high west of the river. In Palisade 
Canyon, the rhyolite forms cliffs 500 feet high. 

The rhyolite consists of several flows; three 
are exposed in Palisade Canyon. Some of the 
flows are more than 200 feet thick and can be 
traced for several miles. The rock is brownish 
red and weathers dark brown. It is very strongly 


of 
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flow-banded. It contains phenocrysts of sani- 
dine, quartz, biotite, and pigeonite in a ground. 
mass crystallized in small spherulites. The base 
of each flow is a glassy, black to dark-blue rock 
which is also flow-banded. It contains the same 
phenocrysts as the top of the flows in a glassy 
groundmass with abundant trychtites and 
perlitic cracks. 

The thickness of the rhyolite varies greatly 
from place to place. The maximum thickness 
observed, in the Palisade Canyon, is 500 feet, 
Toward the east the flows thin out and disap- 
pear. According to the maps of the Exploration 
of the Fortieth Parallel (King, 1878), the 
rhyolite covers a large territory toward the 
northwest. 

LOWER CONTACT AND AGE: At the northern 
end of Pine Valley, the Palisade Canyon rhyo- 
lite overlies the Raine Ranch formation un- 
conformably (Pl. 1, cross section). A zone of 
slumping has developed at the contact. 

The Palisade Canyon rhyolite is upper 
Miocene or lower Pliocene because it overlies 
the Raine Ranch formation and is overlain by 
the lower Pliocene Carlin formation. 


Carlin Formation 


LITHOLOGY: The beds of the Carlin formation 
fill the Carlin basin. Good exposures are found 
only 5 miles southwest of Carlin and in area 
along and east of Susie Creek. The beds in most 
places show small faults and gentle folds; the 
dips rarely exceed 15°. 

The formation is composed chiefly of soft, 
tan to reddish, muddy, tuffaceous sandstones 
and siltstones which are interbedded with 
conglomerates. Good exposures in the road cuts 
on U. S. Highway 40 display well-defined 
bedding, cross-bedding, and scour-and-fill chan- 
nels. The sandstones and siltstones contain 
some intermixed fine gravel. Other rock types 
present in the formation are vitric tuff and 
ashes, diatomite, limestone, and limy shales, 
all of which, with the exception of basaltic 
tuffs, are very similar to the lake beds of the 
upper part of the Raine Ranch formation. 

Section 4, 625 feet thick, was measured by 
correlating outcrops southwest of Carlin. At 
the bottom of the section is 225 feet of lacustrine 
fine vitric tuffs and ashes which are interbedded 
with diatomite and limestone beds. The vitric 
tuffs contain a small amount of quartz and 
feldspar and a negligible amount of dark min- 
erals. The index of refraction of the glass indi- 
cates a rhyolitic composition. Some of the 
tuff beds are fresh; some are altered to mont- 
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morillonite, heulandite, and green chert. 
These beds are overlain by 400 feet of tan 
siltstones, sandstones, and conglomerates. The 
conglomerates are of poorly rounded elements 
up to 1 foot in diameter, most of which are 
derived from the volcanic rocks of the Cortez 
Mountains and the Palisade Canyon rhyolite. 
Their size decreases within a short distance 
toward the northeast. 

Section 5 was measured east of Carlin. It has 
175 feet of lake beds overlain by 225 feet of 
tan sandstones and conglomerates. The lake 
beds consist of interbedded white shaly lime- 
stones, light-gray rhyolitic ashes, blue and 
yellow basaltic tuffs, and diatomite. This is the 
only section within the map area in which 
basaltic tuffs are present. They consist of brown 
glass shards and scoria fragments up to 10 mm 
in diameter, accompanied by some fragments 
of basalt and some crystals of labradorite, 
orthoclase, augite, and olivine. The index of 
refraction of the glass indicates a basaltic 
composition. The conglomerates that overlie 
the lake beds contain angular to subrounded 
pebbles and boulders of limestone, chert, and 
siltstone that are identical to the Paleozoic 
rocks that crop out in the West Elko Hills 
immediately to the east. Boulders and pebbles 
decrease in size within a short distance toward 
the west. 

LOWER CONTACT: The contact of the Carlin 
formation with the underlying Palisade Canyon 
thyolite is well exposed 7 miles west-south- 
west of Carlin. The contact is sedimentary with 
an angular unconformity of 10°-15°. The 
surface of contact is very irregular. 

The Carlin formation laps onto the Paleozoic 
rocks of the West Elko Hills over a surface of 
gentle relief. A red conglomerate is present in 
places at the contact. 

The Carlin formation rests with a slight 
angular unconformity on the Raine Ranch 
formation. The contact is well exposed on the 
south bank of Middle Susie Creek (sec. 1, T. 34 
N., R. 53 E.). The basal beds of the Raine 
Ranch formation, dipping 15° NW., are overlain 
by tan tuffaceous conglomerates containing 
angular pebbles of volcanic rocks derived from 
the Raine Ranch formation and dipping 10° S. 

AGE AND CORRELATION: The Carlin formation 
is dated as early Clarendonian by vertebrate 
fossils found 3 miles northeast of Carlin, at the 
base of the sandstones that overlie the diato- 
mite bed of the Triolite mine (section 5, bed 


{ the | 1.24). The following forms have been found 


mont- 


(Van Houten, 1958, personal communication): 
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SW14 sec. 7, T. 33 N., R. 53 E.: Protolabis 
(late Barstovian or early Clarendonian); NE!4 
NW1!4 NE}4 sec. 19, same township: A phelops 
(middle Miocene to early Pliocene); area of the 
Triolite mine: Merychippus sp. and camelid 
(Clarendonian). Another locality, west of 
Carlin (SW34 sec. 31, T. 33 N., R. 52 E.), 
yielded a Merychippus of late Miocene to early 
Pliocene age (E. R. Larson, 1958, personal 
communication). 

A large number of early Pliocene and late 
Miocene or early Pliocene fossil localities are 
known in Nevada (Axelrod, 1956; Van Houten, 
1956). In particular, the Carlin formation is 
correlative with the middle member of the 
“Humboldt formation,” which has been de- 
scribed by Sharp (1939) in the Elko region, 
and the rhyolite at Jarbridge (Schrader, 1923), 
in both of which early Clarendonian floras have 
been found (Axelrod, 1956, p. 64). 

PHYSICAL SETTING: The Carlin formation laps 
over the edges of the Carlin basin. It contains 
locally derived pebbles whose size decreases 
basinward. This indicates that the Carlin 
formation was laid in a basin shaped substan- 
tially like the basin in which it is now contained. 
There is no evidence that this basin was formed 
by faulting; it is probably fairly shallow, as 
indicated by the presence of small hills of the 
basement rocks which crop out in several places 
of the basin through the beds of the Carlin 
formation. The basin at times contained a lake 
in which vitric tuffs, shales, limestones, and 
diatomites were deposited; at other times, 
meandering streams deposited sandstones and 
conglomerates. Local volcanic activity is indi- 
cated by the coarse basaltic tuffs and by the 
presence of a thin basalt flow which crops out 
in the northeast part of the basin. 


Basalt Plugs 


A number of small basalt plugs have been 
mapped in Pine Valley. The rock consists of 
crystals of labradorite, olivine altered to 
bowlingite, augite, quartz, and magnetite in a 
glassy groundmass. 

The youngest beds cut by the plugs are upper 
Miocene. They may be correlative with the 
basalt tuffs and flow of the Carlin formation. 


Hay Ranch Formation 


DESCRIPTION: The Hay Ranch formation, 
named after a ranch in NW!4 T. 29 N., R. 52 
E., covers most of the floor of Pine Valley. It 
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Section 4. Carlin Formation 
Section measured by correlating outcrops in secs. 1, 2, and 3, T. 32 N., R. 51 E. 1.19 
Thickness 1.18 
(In feet) 
Top: eroded 1.17 
G.20 Tan to reddish tuffaceous siltstone, sandstone, and conglomerate; little rounded 1.16 
pebbles and cobbles up to 1 foot in diameter, mostly derived from Palisade Lis 
Canyon rhyolite and volcanic rocks of the Cortez Mountains, some Paleozoic; 
size decreasing toward the northeast; well bedded, cross-bedded.....:...... 400 614 1.14 
G.19 Light-gray vitric ash composed of about 95 per cent clear colorless glass shards 113 
(n = 1.500 + 0.002) and about 5 per cent feldspar and quartz; thinly bedded, 
PMMA UNID tiiice 5 Fike aa cee Nerd eh hates Ap Male ws BG decane Ia args kin big WEE 63 214 |/12 
G.18 Vitric tuff altered to heulandite (white) and silicified (green), poorly exposed.. 32 151 dl 
G.17 Light-gray tuffaceous limestone; insoluble residue of clear colorless glass shards 
(n = 1.502 + 0.002)............. eee ee eee 1 119 |/-10 
G.16 Digtomile 35). 655545 gi di het Bieta ssn hear eenaieWelnre Patt ea eagad ones Goede te 0.2 
G.15 White, slabby calellatite eS ee Site RET NN ONE PU SRR RE eer ats Gee Andie ts Diabet 1 118 
G.14 White diatomite, thinly bedded; interbeds of light-gray vitric ash composed of 
clear colorless glass shards (n = 1.505 + 0.002) and trace of feldspar and L9 
MRE a 8 erento FoR EES Sia igtiue ats nck AERA dere Gleieba® Siva Pome REI E Eines 23 117 
G.13 PER TNCEDNIE CLONE VETTIC DOD 5s isis cg Sep estes hk RARE Re hee mobs meee 5 94 L8 
G.12 Light-gray vitric ash; incipient devitrification....................cceeeeeeee 1 go |l/ 
G.11 White massive diatomite eee eh one seems vacant ths soca ter ae eaten si aeaeuth caer 23 88 
G.10 Light-gray vitric ash composed of éelorken an shards (n = 1.510 + 0.005) 
and traces of feldspar and quartz; incipient alteration to montmorillonite... 20 65 1.6 
G.9 SRI SINICA <0 OG Bn 9 A ra go Nek peer nai Ye aor ek oH  reea ge 5 45 {hs 
G.8 Light-gray vitric ash composed of clear colorless glass shards (n = 1,502 + 
RE EEN SAE Te SIM lh a SAEED saris PRMD 1g 40: | !-4 
G.7 OES ON aa ae ea re tle PE er I re Rs nM ry RA 3b Pagiie re Ce 2 22 
G.6 Gray vitric tuff composed of glass shards altered to montmorillonite.......... 1 20 |} 3 
G.5 BRN So dace ose ein eve secs Pibhiette:spsios eels Sieg ese deta tetas ete a sea etoaroe ik teers 3 19 
G.4 MRO oop septs eect ae 0s scm aero 6 aE Oe EIN ET a 0.1 L2 
G.3 Light-gray vitric tuff composed of colorless glass shards (n = 1.510 + 0.005), Bottor 
incipient alteration to montmorillonite; about 5 per cent quartz and feldspar 1 16 
G.2 Cite SIO OI MIRUSLORE \cesye serps set sort on bese hes aioe Fn oaed eae vpes eee ens 0.1 consis 
G.1 Yellow vitric ash composed of glass shards (n = 1.504 + 0. 002), mostly altered (most 
to montmorillonite; about 5 per cent quartz and feldspar.................. 15 15 | tuffac 
Bottom: sedimentary contact on the Palisade Canyon rhyolite interf 
erates 
valley 
Section 5. Carlin Formation lies es 
Section measured in secs. 18 and 19, T. 33 N., R. 53 E. exten: 
Thickness outcr¢ 
(In feet) Pine | 
Top: not exposed ured. 
1.24 Tan to reddish tuffaceous siltstone, sandstone and conglomerate; pebbles and forma 
boulders derived from the West Elko Hills....................... 0 ae 501 By 
E25 Light-gray, calcite-cemented, ledge-forming vitric tuff composed of dear, ‘eee part o 
less glass shards (n = 1.502 + 0.002); interbeds and lenses of Paleozoic-pebble foot s 
PNM «cores cc re gts Soyer ewe oak tt hark Stet ROR TOE 10 176 | clays 
I.22 White diatomite with interbeds ot light-gray vitric ash compooed of clear color- sures 
less glass shards (n = 1.607 + 0.002) and traces of 5 tat and quartz; large provi 
PAtOnel CORCTENIONS< 0.6 o eas cca cece eh eced oes SEA Poe: PR 12 166 the cl 
1.21 PRET EMCEE CANNY occ see ant ory Dea eNec ys Pee ae re hades ew ODUM EN TN eee 6 154 green 
1.20 Light-gray vitric ash composed of clear colorless glass shards (n = 1.515 + 0.005) ' amou 


and about 10 per cent quartz and feldspar; thinly bedded.................. 24 148 cluste 
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consists of lake deposits of clay, vitric tuffs 
(mostly altered to zeolites), limestones and tan 
tuffaceous siltstones, and sandstones, which 
interfinger with conglomerates and fanglom- 
erates. Except for the northern part of the 
valley, where it dips up to 15° E., the formation 
lies essentially undisturbed. It is overlain by an 
extensive, deeply dissected pediment, so that 
outcrops are present along the tributaries of 
Pine Creek, but no thick section can be meas- 
ured. Structural evidence suggests that the 
formation is thick. 

By correlating outcrops in the southern 
part of the area, it is possible to measure a 420- 
foot section (section 6), which consists of green 





clays overlain by limestones. Excellent expo- 
sures to the south (sec. 4, T. 27 N., R. 52 E.) 


provides a better section of the upper part of 
the clay beds (section 7). The clays are pale 
green and massive. They contain a very minor 
' amount of silt and, in some zones, disseminated 
clusters of small gypsum crystals, but no beds 
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Thickness 
(In feet) 
1.19 Green silicified tuff............ C irae 124 
1.18 Light-gray vitric ash composed cloudy coleeton dun eadle’ (n = 1.510 + 
0.005); thinly bedded, cross-laminated, contorted bedding. . . 38 121 
ee ints AI oo eens tae ewe o.8 CS 13 83 
1.16 
1.15 Light-gray vitric ash composed of clear colorless glass shards (n = 1.510 + 
0.002) and about 5 per cent quartz and feldspar.. . 13 70 
1.14 WR ARIS ee nya ede ese s op vee Adee eee ee 2 57 
1.13 Light-gray vitric ash composed of clear colorless glass shards bs = 1512 + 
002) ard races Of quarts and feldimer:. ..«. 25.0666 Fisk. cs AM Boe ie be 2 5 
ar er rs ee ac dca path lal avin warepeah Maen ees 3 53 
Yellow altered basaltic tuff composed of scoria fragments up to 10 mm, w hick 
show labradorite laths intergrown with augite...................0000000005 12 50 
1.10 Rene Ca LORS O's fo Sec hss cpenutiempericivdads Yeas avamaucttd 1 38 
REI MROT MINES 5 G35 ters ai gta Sue igs siniel o'eaey aproae's Ghloe a ea ab 1 
Ee aerate Oe UMM OS EI nel 5 5, 0p ages Rak a ac pw Yiu wares, agcete ate ein de 1 
IIE 29s. cre Rye OO k oc Ste read ooo hehe eaten sea eh cone 2 
19 Light-gray vitric tuff composed of clear colorless glass shards (n = 1.503 + 
0,007) andr teaces of quarts and feldepar.. «<5... oc coc ec chee os tees nes 2 33 
18 Le MUON CS oor Sn Uo ows Hetoa east rs VER a ee eM eR ec yee ae meee 8 31 
iF Yellow altered basaltic tuff composed of scoria and basalt fragments | up to 10 
mm, and crystals of labradorite, orthoclase with black glass inclusions, augite, 
Ci 1 Ase dlls NRE tre i ene Seah eS are eee i apes i dea Nae a gy 2 23 
1.6 WEIROT MUR SEMIN ST cod ct eat one gle ialanar meeees Dene 4 21 
L5 Blue basaltic tuff composed of brown glass shards and scoria fegments (n = 
1.570 + 0.005); color due to coating of montmorillonite (?) on glass particles 2 17 
1.4 White limy shale; 6-inch interbed of blue basaltic tuff similar to I.5 (n = 1.580 
GNIS eel gis ccs ore ae wae OU te cae ge LET OER pve Cee R Ore or “i 7 15 
1.3 Light-purple-gray vitric tuff composed of clear colorless glass shards (n = 1.505 
+ 0.005) and about 5 per cent quartz and feldspar.................. 1 8 
1.2 WR BEMIN s co). o cas oidowen en Cneemacodeverap siete neeceueeweg 7 7 


Bottom: in fault contact on 400 feet of tan tuffaceous sandstone and conglomerate 


of evaporites. Interbedded with the clay are 
beds of erionite and another zeolite (?) and 
stringers of limonite-stained rhyolitic vitric 
ash. The zeolite beds range from 1 inch to 25 
feet in thickness. They are uniform in thickness 
and cover several square miles. The limestone, 
which overlies the clay beds, forms prominent 
bluffs east of the Slagowski Ranch (sec. 16, T. 
28 N., R. 52 E.). It is a white, massive, hard, 
thickly bedded calcilutite which contains, 
sparingly some tiny gastropod shells. The 
insoluble residue, which represents about 20 
per cent by weight, is composed of clay and a 
little sand. Toward the middle of the limestone 
section, a 2-foot bed of light-gray, thinly bedded 
vitric ash can be traced over 12 square miles. 
All these features indicate that the limestone 
is an indurated impure lime mud deposited in a 
lake. 

Toward the east, this section of lake sedi- 
ments grades into tan sandstones and conglom- 
erates. The limestone becomes progressively 
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Section 6. Hay Ranch Formation 





Section measured by correlating outcrops in secs. 16, 20, and 21, T. 28 N., R. 52 E. 
Thickney 
(In fee’ 
Top: eroded 
E.8 White, massive, hard calcilutite; insoluble residue (about 20 per cent) of clay and little 
silt and sand; small gastropods; thickly bedded................. 0.000. ceeeeeeues 30 
E.7 Light-gray vitric ash; clear colorless glass shards; index of refraction close to 1.50...... 2 
E.6 WRICE COICIMICICG RENAE ROMs 6557055. kc Baa si.04 a kik, ooo wa TES ee wc 140 
E.5 Green clay; stringers of vitric ash stained by limonite, composed of clear colorless glass 
shards (n = 1.505 + 0.005) and traces of quartz and feldspar; Interbeds of white 
altered vitric ash better exposed farther south (section 7)....................000. 170 
E.4 White vittic tlt altered to séonte Cy co eee ee le eo. 15 
Green'clay, clusters of small: gypsum crystals... 6 00. eo ee ics deh hee e eee 5 
E.3 Warte Vittic Pull Alteren tO ROUTE) oie eis ess das taba cds des cle eae ma 1 
E.2 ARI eras ee re eaten Dees beret BAKE gh So ae See IN 82 33 
E.1 White massive porous altered tuff; 99 per cent erionite and 1 per cent angular quartz 
CUNT LG ae Oba ee Oe ree aear eRe aren rT a A Mra 7. J ea 25 
Total: 421 
Bottom: not exposed 
Section 7. Hay Ranch Formation 
Section measured in sec. 4, T. 27 N., R. 52 E. 
Thickness 
(In feet) 
Top: eroded 
J.11 REEL eo Sect See se asa click Gin eae w5) Sah suun tea Ses Uncen bei lee Sr epaeea dora ae APE 1 
J.10 Wipe Watrac Ci ILered FO: BOOHCE (P) oie. ieasincn sec paras seed ake phew nee cleans 0.2 
j.9 WORN ire NN gh ie, gta AES OO Lee ded, Tot OA Oe ne eM gist ee one e 21 
J.8 Wnite vatric butt altered to Zeolite (P) «1... 56605. oo des vrs Oovgeedawce bose debeer 0.2 
a7 RMI RMEN Seraph seas rss aroha rasta scien ston) ows's ara pri ial oc dle Dion at Pe EAE Se 9 
4.6 White viiric til altered to -zeote (CP)... ke. os oa ee ee ED 0.2 
55 MEMOS yy toes. oto sn gible Mista oe wees Serko oN: eee a See 
J.4 White vitric tuff altered to zeolite (?)...................0.... 0.1 
3 TL RR ae cs OM ACA Pie Bara ae Perea EAS DI Ut rae 7 
a2 Vitric tuff altered to zeolite (?), stained by limonite..........................0.. 0.3 
41 GE a ie aa MR rua a oa Aen ance Sr he ARS 21 
Total: 72 


Bottom: not exposed 


loaded with sand and fine gravel; within half 
a mile from the contact with the Paleozoic 
rocks of the Pifion Range, it has given way to 
reddish sandstones and conglomerates com- 
posed of angular to subrounded cobbles up to 6 
inches in diameter, which were derived from the 
nearby Paleozoic outcrops. The same kind of 
facies variation can be observed on the west 
side of Pine Valley, opposite the Slagowski 
Ranch: white limestones overlie green clays 
toward the middle of the valley and grade 
progressively westward into conglomerates 
composed of volcanic pebbles derived from the 
Cortez Mountains. 


Thus, the Hay Ranch formation was de- 
posited in a basin which had the same bound- 
aries as the basin in which it occurs today. The 
basin was created by normal faulting along 
the west side of the Pifion Range and by 
eastward tilting of the Cortez Mountains block. 
The fault is lined by a series of hot springs and 





oil seeps. The influence of the faulting on the 
sedimentation is shown by the presence of a 
thick alluvial fan at the foot of Pine Mountain. 
The fanglomerate is well exposed in the canyon 
of Mill Creek. At the head of the canyon, the} 
fanglomerate consists of thick beds of angular 
blocks up to 5 feet in diameter derived from the 
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STRATIGRAPHY AND STRUCTURE 


limestones that make up the west face of Pine 
Mountain, from the black argillites and sand- 
stones that crop out at the head of Mill Creek, 
and from a white quartz porphyry that forms 
dikes in the same area. Westward, this coarse 
deposit grades laterally into interbedded tan 
sandstones and gravel beds. Southward the 
fanglomerate grades into lake deposits of tan 
siltstones, green clay, and white limestone. 

contacts: The Hay Ranch formation rests 
with a slight angular unconformity on the older 
Tertiary formations. Northwest of Pine Moun- 
tain and at the head of Mill Creek, nearly flat- 
lying conglomerates and fanglomerates override 
the border fault of the Pifion Range and rest on 
an eroded surface cut on the Paleozoic rocks. 
South of Pine Mountain the Hay Ranch forma- 
tion is faulted against the Pifion Range. Best 
evidence is found along Willow Creek where the 
pediment, which is cut on the beds of the Hay 
Ranch formation and extends somewhat over 
the Paleozoic rocks, is cut by the border fault 
with the formation of an eroded scarp about 80 
feet high. This recent faulting appears to have 
everywhere a small displacement. 

AGE AND CORRELATION: The Hay Ranch 
formation is dated as middle Pliocene to middle 
Pleistocene by vertebrate fossils. The following 
forms have been found: 

(1) Near the base of the formation, in tan to 
reddish tuffaceous conglomerates and sand- 
stones (NE14 NE}4 sec. 20, T. 31 N., R. 52 E.), 
one molar of a small equid referable to the 
Hipparion gratum group of Leidy, 1869, cur- 
rently allocated to the Griphippus gratus group 
Quinn, 1955, middle Pliocene (identification by 
M. F. Skinner). This fossil is in the American 
Museum of Natural History (AM-45819). 

(2) White tuff bed, sec. 7, T. 29 N., R. 52 
E.; fragmentary horse material referable to 
Pliohippus astrohippus, late Hemphillian or 
early Blancan (Van Houten, personal com- 
munication) 

(3) Tan tuffaceous mudstone near the top 
of the formation in sec. 7, T. 29 N., R. 52 E.; 
astragalus of Equus sp., Pleistocene 

(4) Twelve miles south of Palisade, a quarter 
of a mile east of the highway (probably sec. 21, 
T. 30 N., R. 52 E.); Equus sp., middle Pleisto- 
cene (Van Houten, personal communication) 

The Hay Ranch formation is correlative in 
part with beds of rhyolite tuffs, pumice, 
diatomite, sands, and gravel in Mason Valley, 
Nevada, which contains the Wichman fauna 
of Blancan age (Stirton, 1940; Axelrod, 1956); 
with the Morgan formation, which ranges from 
Hemphillian to Blancan; and with the “Truckee 
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formation”, which ranges from late Claren- 
donian to Blancan (?) (Axelrod, 1956). A few 
other middle Pliocene to Pleistocene fossil 
localities are listed by Van Houten (1956) and 
Stirton (1940). Pleistocene mammals have also 
been reported from the Manhattan district, 
Nevada (Ferguson, 1924), and Carson, Nevada 
(Hay, 1927). 

Late Pleistocene lake deposits, such as the 
higher stages of Lake Bonneville and Lake 
Lahontan, which are characterized by well- 
preserved shore features and are generally 
referred to the Wisconsin stage (Hubbs and 
Miller, 1948), are not present in Pine Valley. 


Welded Tuffs 


LITHOLOGY: Small patches of welded tuffs 
occur in three widely separated localities: 
northeast of Carlin (sec. 12, T. 34 N., R. 53 E.); 
in the northernmost part of Pine Valley; and 
near Devils Gate (secs. 2 and 11, T. 30 N., R. 
51 E.). The most extensive exposures are those 
of the northern end of Pine Valley where a 
salmon-colored tuff overlies a gray tuff. The 
aggregate thickness is not more than 100 feet. 
The gray tuff is a medium-hard, porous rock in 
which flattened pieces of pumice up to 1 inch 
in length and broken crystals of quartz, sani- 
dine, plagioclase, and some biotite flakes are 
imbedded in a matrix composed of plastically 
deformed glass shards and pumice fragments. 
The salmon-colored tuff is a hard rock com- 
posed of slightly flattened pumice pieces, 
angular lithic fragments, and some quartz 
and feldspar in a matrix composed of welded 
and devitrified glass shards and pumice frag- 
ments. 

AGE: Northeast of Carlin, the welded tuff 
rests horizontally on eroded beds of the Carlin 
formation. At the northern end of Pine Valley, 
it rests on a very irregular erosion surface and 
overlies unconformably the basal beds of the 
Raine Ranch formation. Near Devils Gate, it 
lies on a pediment, which farther south extends 
over the Hay Ranch formation. The welded 
tuff, which is assumed to be contemporaneous 
at the different localities, is consequently late 
Pleistocene or Recent. 


Pediments and Recent Warping 


Extensive pediment gravels occur throughout 
the area. They are so extensive that it was im- 
practical to represent them on the geological 
map (PI. 1). 

A very extensive dissected pediment occurs 
along the eastern edge of Swails Mountain. It is 
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cut on the tuffaceous sediments of the Raine 
Ranch formation and extends 1-2 miles over 
the Paleozoic rocks. The other side of the valley 
is not pedimented because most of the outcrops 
on the east side of the creek are the lava flows of 
the base of the Raine Ranch formation. Many 
workers have observed that pedments do not 
develop over lava flows (Bryan, 1923; Gilluly, 
1937). 

There are remnants of two pediments in Pine 
Valley. The most extensive one is well de- 
veloped on both sides of the valley. It forms 
the spectacular Evans Flat southwest of Pine 
Mountain. On the west side of the valley, it 
is developed only on the Cenozoic sediments 
and does not encroach on the volcanic rocks of 
the Cortez Mountains. On the east side, in 
places it stops at the contact of the Cenozoic 
sediments with the Paleozoic rocks of the 
Pifion Range, but north and northeast of Pine 
Mountain, it extends widely over Paleozoic 
argillites and sandstones. 

Restored profiles of this pediment show that 
it is approximately 700 feet above grade at the 
northern end of Pine Valley, where Pine Creek 
is entrenched in the Cenozoic sediments, and 
200 feet above grade at the southern end of the 
map area, where Pine Creek meanders in a wide 
flood plain. The general slope of the restored 
pediment is toward the south. Pine Valley, 
however, is presently drained toward the 
north. This can be explained in one of two ways: 
(1) When the pediment formed, Pine Valley 
drained to the south and was later captured 
from the north. (2) The pediment was tilted 
southward. The first hypothesis is untenable, 
because the divide between Pine Valley and 
adjoining valleys to the south is everywhere 
above 5900 feet, whereas the restored profiles 
indicate that a stream draining the pediment 
southward could not have had an outlet above 
5200 feet. The second hypothesis explains the 
entrenchment of Pine Creek northward and 
the superimposed course of the Humboldt 
River in Palisade Canyon. 
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In the area of the Rand Ranch are small 
remnants of a lower pediment which are 120 
feet above grade. 


Structure of Pine Valley 


Evidence indicates that the Pine Valley half 
graben does not have a simple structure and 
that more than one major longitudinal fault is 
present: 

Tan silicified chert-pebble conglomerate and 
sandstone from a small outcrop at the northern 
end of Pine Valley and seem to be partlv 
burried under the Raine Ranch formation. 
They resemble both the Oliogocene (?) Rand 
Ranch formation and fossiliferous Paleozoic 
conglomerates 2 miles to the east. They have 
been mapped as Paleozoic because they dip 
west, as do the Paleozoic conglomerates, 
whereas all the Tertiary formations in Pine 
Valley dip east. For that reason, the generalized 
structure section of the northern end of Pine 
Valley (Pl. 1) has a concealed normal fault with 
a large stratigraphic throw. Four miles south 
of the map area, in the Hay Ranch formation, 
there is a north-trending monocline whose 
limb dips 10°-15° W. It is probably a late 
surface manifestation of a normal fault in 
depth, parallel to the border fault of the Pifion 
Range. 


SUMMARY OF GEOLOGIC HISTORY 


The Cenozoic geologic history of the area 
can be deciphered in detail from the sedimen- 
tary record. It is characterized by repeated 
tectonic and volcanic activity. 

This history begins with the outpouring of 
the older volcanic rocks of the Cortez Moun- 
tains (Paleocene ?) and then their folding and 
intrusion by diorites and granodiorites (Eocene 
?). This episode was followed by erosion and 
the formation of the younger volcanic rocks 
(Oligocene ?). 

A new period of tectonic activity, probably 


PLATE 2.—ALTERATION OF VITRIC TUFFS 


FicurE 1.—Photomicrograph of erionite from the Hay Ranch formation (sample E-1, section 6). Natural 


light, X 100. 


FicurE 2.—Hay Ranch formation, green clay with stringers of vitric ash altered to zeolite (sec. 4, T. 


27N;,, .:S2: Bi). 
FIGURE 3. 
tion 3). 


Vitric ash altered to heulandite and silicified (Raine Ranch formation, sample B-13, sec- 


Ficure 4.—Fresh, water-laid vitric ash for comparison, Raine Ranch formation, 
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SUMMARY OF GEOLOGIC HISTORY 


faulting, must account for the deposition by 
streams of the Rand Ranch formation. High- 
lands on the order of several thousand feet were 
created. The present site of the Cortez Moun- 
tains was a low area. This is the only sedimen- 
tary episode that records no volcanic activity. 
The present pattern of Basin Range topography 
may have originated before the next episode of 
sedimentation: the volcanic rocks of the 
Cortez Mountains were tilted east and supplied 
much detritus to the Safford Canyon formation 
(Late Oligocene, early Miocene ?). Volcanic 
activity was resumed, but the fineness of the 
pyroclastic material indicates that it may have 
originated in remote volcanic centers. Alluvial 
and lacustrine deposition alternated. 
Deposition of the Safford Canyon formation 
was followed by renewed tilting eastward of the 
Cortez Mountains block and erosion. Local 
volcanic activity was renewed in upper Miocene 
time and resulted in the deposition of the lower 
member of the Raine Ranch formation. After 
a very minor period of erosion, the streams and 








lake sediments of the upper member of the 
formation were deposited. The pebble content 
of these deposits suggest a topography similar 
to that of today. 

The first evidence of Basin and Range 
faulting is provided by the contact of the Raine 
Ranch formation with the Paleozoic of the 
Pifion Range. In Pine Valley, the fault is over- 
lain by the Palisade Canyon rhyolite and is 
consequently late Miocene. In the valley of 
Susie Creek, the fault, which is overlain by the 
Carlin formation (early Clarendonian), prob- 
ably has the same age. This faulting was fol- 
lowed by erosion and outpouring of the Palisade 
Canyon rhyolite. 

The nature and distribution of the lower 
member of the Raine Ranch formation indicates 
that it was deposited over the area which is now 
the Carlin basin; it has been recognized under- 
neath the Carlin formation only in the valley of 
Susie Creek. This indicates that the area was 
high for some time after the deposition of the 
Raine Ranch formation so that it was removed 
by erosion. Then warping created the basin— 
similar in shape to the present-day depression— 
in which the Carlin formation was deposited. 
This explains the eastward dip of the Palisade 
Canyon rhyolite west of Carlin and its angular 
relationship with the overlying Carlin forma- 
tion. Stream and lake deposition alternated; 
large amounts of fine acidic ash were mixed or 
interbedded with detrital sediments. The rela- 
tively coarse basaltic tuffs and a basalt flow 
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may have had their source in Pine Valley where 
basalt plugs occur. 

Next events are renewed faulting along the 
western edge of the Pifion Range and the 
correlative steepening of the eastward tilt of 
the Cortez Mountains block and deposition of 
the Hay Ranch formation in the basin thus 
created (middle Pliocene-middle Pleistocene). 
Local volcanic activity during the deposition of 
the Hay Ranch formation is not recorded; the 
fine rhyolitic ash the formation contains prob- 
ably drifted from remote volcanic centers; a 
local volcanic outpouring in late Pleistocene 
time resulted in the formation of small welded 
tuff patches. 

The dominant geological process since the 
deposition of the Hay Ranch formation has 
been erosion, which has led to the formation 
and later dissection of extensive pediments. 
Recent warping is responsible for the entrench- 
ment of Pine Creek and the Humboldt River. 


ALTERATION OF VITRIC TUFFS 
Introduction 


All the tuffaceous formations that have been 
described contain beds of water-laid vitric 
tuffs which are extensively altered to mont- 
morillonite, zeolites, and silica. 


Alteration to Montmorillonite 


Alteration to montmorillonite is relatively 
rare and incomplete. The clay was identified 
by the benzidine staining test, the reliability 
of which was verified for one sample with the 
X-ray diffractometer. 

In most cases, the glass shards are cloudy 
and take a weak blue coloration in the benzidine 
solution. In more advanced stages of alteration, 
the glass shards are opaque and milky, but 
their shape is not altered. X-ray-diffraction 
measurements indicate montmorillonite as the 
only alteration product. 


Alteration to Zeolites 


HEULANDITE: Vitric-ash beds altered to 
heulandite are present in the Safford Canyon, 
Raine Ranch, and Carlin formations. This 
identification is based on comparison of X-ray- 
diffraction data with heulandite from Cape 
Blomidon, Nova Scotia, and Patterson, New 
Jersey (Fig. 1; Table 1). 

Heulandite occurs in several beds of the 
Safford Canyon formation (section 1). Sample 
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FIGURE 1. 


P. Patterson, New Jersey; C.B. 


X-KAY-DIFFRACTION PATTERNS OF HEULANDITE 


Cape Blomidon, Nova Scotia; D. Safford Canyon formation (section 1); 


B. Raine Ranch formation (section 3); G. Carlin formation (section 14). Supplementary reflection at 20 = 
21.7-21.9 on curves D-5-A, B-13, and G-18 is probably the strongest reflection of cristobalite 
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TABLE 1.—X-RAy DIFFRACTION OF 
HEULANDITE DIFFRACTOMETER 
MEASUREMENTS 


(Cu rad., Ni fil.) 


Cape Blomidon, 


2 S > D. 
Han trate sample D.2 








dA I dA I 
8.93 10 8.93 10 
7.96 1 7.89 4 
140 1g 7.24 1 
6.80 lg 6.75 2 
6.60 lg 6.60 1 
5.90 lg 5.82 1 
5.54 lg 5.54 1 
5.24 lg 5.24 2 
5.06 1 5.09 3 
4.62 1 4.62 3 
4.44 1 4.46 1 
4.37 1g 4.33 1 
4.19 \4 4.23 1 
3.97 2 3.95 10 
3.88 2 3.90 6 
3.22 1g 3.69 1 
3.56 1g 3.55 2 
3.46 lg 
3.42 1 3.41 3 
3.40 1 3.39 2 
3.82 Vg 3.31 y 
S22 \4 322 1 
3.17 Ig 3.16 3 
$.01 lg 3.11 2 
3.07 vA 3.07 1 
2.96 + 2.96 5 
2.89 oom 
2.80 1 2.78 3 
21 1 7 1 
2.66 1 
2.51 1 2.82 1 
2.43 ls 2.43 1 


D.2 exhibits minute acicular and prismatic 
crystals of the mineral replacing glass shards. 
Sample D.5 has an indistinct vitroclastic tex- 
ture, and the zeolite is cryptocrystalline. 

Sample G.18, from the Carlin formation 
(section 4), is a massive white rock through 
which are disseminated small crystal molds of 
an unidentified mineral filled with calcite. The 
zeolite is cryptocrystalline, and no trace of 
vitroclastic texture is visible. 

Where exposures are good these heulandite 
beds can be traced for more than a mile. 

ERIONITE AND OTHER: Beds of erionite and 


ALTERATION OF VITRIC TUFFS 
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another zeolite (?) are present in the Hay Ranch 
formation (sections 6, 7). 

The lowermost of these beds, 25 feet thick, is 
a white massive rock stained by limonite and 
composed almost entirely of minute prismatic 
crystals of erionite which are arranged in 
spheroidal aggregates (PI. 2, fig. 1). The identi- 
fication of the mineral is based on comparison 
of X-ray-diffraction data with erionite from 
the type locality, Durkee, Oregon (Fig. 2). It 
agrees optically in index of refraction, bire- 
fringence, and orientation with the description 
of erionite given by Staples (1957). In addition 
to erionite the rock contains less than 1 per 
cent angular fragments of quartz and feldspar. 

Higher in the section, similar beds are com- 
posed of an unidentified mineral (PI. 2, fig. 2). 
It is a massive, white, porous, exceedingly 
fine-grained rock. In some of the beds thin 
sections reveal an indistinct vitroclastic tex- 
ture; the glass shards are replaced by a colorless 
cryptocrystalline mineral. One of the beds has 
no vitroclastic texture, and the mineral is better 
crystallized in the form of minute acicular 
crystals arranged in spheroidal aggregates. A 
trace of angular fragments of quartz and feld- 
spar occurs in all the beds. The optical prop- 
erties of the mineral are: parallel or low-angle 
extinction, positive elongation, indices between 
1.480 and 1.490, birefringence less than 0.005. 
Qualitative chemical and spectroscopic analyses 
indicate a hydrated silicate of Al, Ca, Mg, and 
Na (not tested for K). X-ray-diffraction 
measurements (Fig. 3) indicate that the mineral 
has large interplanal spacings. It has been 
tentatively referred to the zeolite group. 


ORIGIN: The vitric-tuff beds altered to 
heulandite of the Raine Ranch and Carlin 
formations are interbedded with diatomite, 


fossiliferous fresh-water limestone and shale, 
and thinly bedded unaltered vitric ash which in 
many places contain ostracods. They appear to 
be lacustrine. 

Altered vitric ash beds in the Hay Ranch 
formation, which are interbedded with plastic 
green clays and are remarkably uniform in 
thickness over several square miles, also appear 
to be lacustrine. 

The lateral gradation of altered vitric tuff 
into unaltered vitric tuff has never been 
observed; altered beds cover several square 
miles; the alteration is controlled rigidly by the 
bedding, even where altered beds are overlain 
and underlain by fresh, porous vitric ash. Thus 
alteration apparently took place under the 
influence of the waters of the lakes in which the 
ash fell. 
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The alteration of volcanic glass to various 
zeolites, in some cases at low temperature, has 
been reported by several investigators. Harris 
and Brindley (1954) report the alteration of a 





landite are abundant in altered vitric tuffs o 
Central Nevada (K. S. Deffeyes, persond 
communication). 

The only occurrence of erionite that has beer 
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FIGURE 2.—X-RAy-DIFFRACTION PATTERNS OF ERIONITE 


A. Sample E-1, Hay Ranch formation (section 6); B. Durkee, Oregon 


pitchstone dike to mordenite, and Kerr e¢ al. 
(1957) report a similar occurrence of ptilolite; 
Needham (1938) describes thomsonite, analcite, 
and natrolite as the alteration of andesite flows 
by either meteoric or hydrothermal waters, and 
thomsonite also as the alteration of white 
acidic tuffs under hydrothermal conditions. 
Coombs (1952) describes the replacement of 
crystal-vitric tuffs by heulandite and analcite 
during diagenesis and their transformation to 
laumontite by incipient metamorphism. Tyrell 
and Peacock (1926) report the partial alteration 
of a palagonite tuff to faujasite and analcite and 
consider that the transformation took place at 
low temperature. Murray and Renard (1891) 
found abundant phillipsite in red deep-sea 
ooze and consider that it was formed by slow 
transformation on the ocean floor of glassy 
basalt lapilli and palagonite. Bramlette and 
Posnjak (1933) and Kerr and Cameron (1936) 
report the presence of clinoptilolite in bentonite 
beds from California, Wyoming, and Arizona, 
in which partly altered glass shards are still 
visible. Bradley (1929) and Ross (1928; 1941) 
describe analcite beds interbedded with lake or 
playa sediments and show that the zeolite was 
formed by the interaction of volcanic ash with 
mineralized lake waters. Erionite and heu- 


reported in the literature is from Durkee, Ore- 
gon, where the mineral, which has a woolly 
texture, is found in the cavities and fissures of a 
rhyolitic tuff (Eakle, 1898; Staples, 1957). 


Silicification 


Silicification of water-laid ash beds is ob- 
served in many places and results in the forma- 
tion of gray and green chert which is typically 
very brittle (PI. 2, fig. 3). 

At several horizons in a thick ash bed of the 
Raine Ranch formation gray chert forms beds, 
1 inch to 2 feet thick, traceable for several 
hundred feet. Thin sections and X-ray-diffrac- 
tion data indicate that the silicification consists 
of the cementation of the ash by colorless opal. 
The glass shards are not altered. 

Green chert has been found in all the heulan- 
dite beds previously described. The coloration 
is caused by an earthy green mineral (celando- 
nite ?). Much opal can be seen in thin section. 
X-ray-diffraction patterns have been obtained 
(Fig. 1) for unsilicified (D-5-B) and silicified 
(D-5-A) material from a heulandite bed of the 
Safford Canyon formation. The only difference 
between the two patterns is the presence in the 
silicified material of a supplementary peak that 
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FIGURE 3.—X-RAY-DIFFRACTION PATTERNS OF ALTERED VITRIC TUFF 


Hay Ranch formation (sections 6 and 7) 
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has been referred to the strongest reflection of 
cristobalite. Heulandite samples B-13 and G-18, 
which present incipient silicification, also show 
the same supplementary reflection (Fig. 1). 
These green cherts can be traced continuously 
in the same beds for more than a mile. 

The great lateral extent of these chert beds 
and their rigid conformity to the bedding 
suggest that they formed on the bottom of the 
lakes in which the vitric ash accumulated. 
Thick diatomite beds in the same sections indi- 
cate that the waters of the lakes were rich in 
silica. 
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The encroaching sea came against glacially eroded bedrock and several types of glacial 
and glaciomarine deposits in New Hampshire. Wave action, concentrating on till head- 
lands and rock promontories, has built a variety of beach types. Detritus has been drifted 
locally in both directions along the shore, and the longshore drifting has no over-all 
pattern. The beach trends are not parallel to the general shore-line trend, and the writer 
suggests that individual beaches are oriented normal to the largest storm waves that 
reach the area. Following deglaciation, the land has risen isostatically and the seal level 
Evidence indicates that a postglacial sequence of relative submergence, 
emergence, and submergence has occurred. Classical geomorphic shore-line classifica- 
= S tions do not fit every part of the area, and it is therefore best described geographically 
Vv. 99, p 
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to Hampton Beach (Chute and Nichols, 1941). 
The field study of the beaches was done mainly 
during the summer of 1951. Financial assistance 
was granted from the Shaler Memorial Fund 


and the Robert W. Sayles Fund of Harvard) of the 
University, and subsistence was received unde marsh 
the provisions of Public Law 346. dune si 

The late Henry Stetson encouraged the au-4re res 
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|388-018), assisted in the preparation of the 
| manuscript. Dr. John Zeigler of Woods Hole has 
Icritically and helpfully read the manuscript. 
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thor in the study of the shore line and discussed 
the problems with him. The Beach Studies 
goup of the Woods Hole Oceanographic 


| GENERAL GEOLOGY OF THE AREA 

On the New Hampshire coast waves modify 
bedrock outcrops, glacial till deposited as 
gound moraine and drumlins, stratified drift, 
and postglacial deposits of clay and sand. 
Most of the bedrock is metasedimentary 
locks of pre-Devonian age (Freedman, 1950; 
Billings, 1955) and consists of closely jointed 
quartzites, slates, schists, gneissic complexes, 
and a few mafic dikes. Although the rocks are 
reasonably resistant to decomposition, most 
bf them break easily into small, wedge-shaped 
pieces. 

The glacial deposits are unweathered and 
scarcely eroded. They are shown on the Glacial 
Map of North America (Flint, 1948) as being 
Wisconsin in age and are probably Cary sub- 
ptage (MacClintock, 1953; Flint, 1953). 

The till, which is sandy with a large volume 
of small stones, is similar to that described 
elsewhere in New England (Jahns, 1951; 
Mather, Goldthwait, and Theismeyer, 1942; 
L. Goldthwait, 1948). The pebbles are of two 
types: small, angular, tablet-shaped fragments 
of the local metasedimentary rocks and larger, 
rounded cobbles of hard, phaneritic rocks, 
massive quartz, and gneisses. Varying amounts 
of sand, silt, and clay make up the finer com- 
‘ponents of the till. 

The stratified drift is composed of sand and 
gravel with varying amounts of silt and clay. 
The postglacial clay and sand is a blanket 
deposit ranging from 2 to 15 feet thick which 
occurs within the first 50 feet above present-day 
sea level and lies on top of bedrock, till, and 
stratified drift (Chapman, 1950). These de- 
posits are probably the equivalent of the “Leta 
Clay” (Katz, 1913) of southwestern Maine. 








MAPPABLE UNITS ALONG THE SHORE 





The erosional and depositional features 


farvard/of the shore line include boulder pavements, 
1 unde|marsh deposits, beach cobbles, beach and 


dune sands, and ledges. The boulder pavements 


the au-are residual accumulations of large, loose stones 
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similar in size and lithology to the erratics 
and harder stones in the till but containing few 
large pieces of the local bedrock. The boulders 
average a foot in diameter and appear little 
modified in shape by wave action. They are 
typical examples of soled and rounded glacial 
boulders derived from resistant rock types 
(von Engeln, 1930). Johnson and Reed (1910) 
described similar boulder pavements, or “lost 
drumlins,” at Nantucket Beach in Massachu- 
setts. 

The marsh deposits consist of accumulations 
of poorly sorted sand and silt with intermixed 
organic matter. The beach cobbles, or shingle, 
are stones larger than 1 cm in diameter, usually 
similar in lithology to the pebbles in the till. 
These stones, whether of glacial origin or 
derived from the nearby bedrock, are rounded, 
smoothed, and polished. The sand is made up 
of quartz grains, mica flakes, feldspar grains, 
and little chips and fragments of slates, schists, 
quartzites, and phyllites. 

Analysis of the interrelations of wave refrac- 
tion, erosion, and longshore drifting on materials 
of known character and distribution produces 
an explanation for the origin of a shore line. 
The types, characteristics, and locations of the 
individual beaches of the New Hampshire 
coast can be seen by comparing Table 1 with 
Figure 1. 

FT, DEARBORNE-ODIORNE’S POINT: The irregu- 
lar points and bays along this northern part of 
the coast were formed by the submergence of 
glacially scoured bedrock. Subsequent wave 
action on the brittle, jointed rocks and a thin 
mantling of till produced large quantities of 
shingle in numerous small beaches. Little 
beach drifting could have occurred here, be- 
cause the many rocky points prevent lateral 
movement. 

In the middle and at the south end of this 
stretch of shore, little baymouth bars have 
shut off small coves, forming lakes that are, 
in part, rock-rimmed. Just south of Odiorne’s 
Point, shingle berm ridges have closed off the 
shallow estuary—now a marsh, almost filled 
in—behind the rocky headland. The marsh 
and the beach ridge connect what was formerly 
an island to the mainland. Next to the marsh 
are several small beach deltas where waves 
have washed stones over the tops of the shingle 
ridges. 

Many small, steplike indentations of the 
water line occur where the shore line crosses 
massive ledges. The longer sides of these 
notches trend northeast and the shorter north- 


“ 


SHORE LINE 


YEW HAMPSHIRE 


= 
fe) 
Z, 
S 
— 
= 
a 
S) 
> 
ica} 


TUTTLE— 


D. 


the be 
ee h 
} cast i 
nectin 


which 





a|surys 
qa spurs 

ajsurys 
awos YyyM purs 
pues pure a]3urys 
a[surys 


30s 


pues pue a[3ulys 
a[3urys 

JayuddD dy} UI pues 
auI0S YIM a]3uTYS 
pues 


a[3ulys 


Yymos 
yINos pue yWION 
yINos puke YON 
yNos pue YON 


Yy Mos pue YON 
yon 


YyNos pur yWAON 
y Nos pur yIAION 


jeusyeu yovog 


yup yoeroq 
jo uondeaIq 





end b 
thad b 
north 


bould 
corne 


conne 


Ap 
Beac 
‘both 
jhighe 
shing 
both 


| 
| 





(purys] op}sea 

pue ‘purysy wnig 
‘yorog Ainqstjes) 

(uy 
purest TILL 
puejst [ILL 
yuiod a3peay pure [LL 


-winip) 


yutod a3pey pur [LL 
PUSS! TL 


puryst s8po] pur [LL 
quiod a8pe] pur [LL 


purst aBpay pur [ILL 


yINos uo 91nj}vaJ 


“winip) purrs! LL 


Pes! TRE 
quiod a8pay pur [ILL 
quiod a8pe] pur [LL 


puels! TLL 


yuiod a8pey pur [LL 
puryst 9Spoy pur [ILL 


sa3po'] 


Ywou uo 91N} ea] 





ieq yJnowAeg 


ojoquioyT, 
ojoquio yy, 
ieq yjnowAeg 


ojoquioy, 
ydg 


ojoquio 7, 
ieq ynowArg 
sayoeeq 
yexpod pur ‘sieq 
ynowAeq ‘sojoquioy, 


yoraq jo ad 


yovog uojduey 

(u0} 
-dwiey) yorag 4yI0ON 
yovag sAy 
yoreg sseg 

soyoreq 
souuaf pur a[qea 
yidg soqiey aAy 


yorog sso 
spues sem 


sayoveq 
yUlOg S,dUuULOIPIO 


HLQAOS OL HLYON WOU ‘ISVOD AAIHSdNVH MAN AHL ONOTY SAHOVAG AO SOILSIMALOVUVHD GNV SAdAT—'"] AAV], 





MAPPABLE UNITS ALONG THE SHORE 


; west. The longer segments are controlled by 
| the bedding-plane cleavage, which strikes north- 
east here. 

WALLIS SANDS: This beach, almost a mile 
long, is a slightly curved baymouth bar con- 
necting the rocky headland of Rye North 
Beach on the south with a bedrock hill on the 

‘north. The bar cuts off a large irregular bay 
which is nearly filled with marsh deposits. 

On the middle and highest parts of the bar is a 
‘line of stable sand dunes, approximately 500 
‘feet long. 

Analysis of samples from the beach showed 
}that sand at the north end is slightly finer 
| than at the south end, which suggests northward 
beach drifting. However, in 1951 the outlet for 
‘the lagoon and marsh was located at the south 
end but had been closed by sand that locally 
had been drifted southward. Apparently—over 
a period of time—beach drifting at Wallis 
Sands has changed direction in an irregular 
manner. 

An area of boulder pavement lying off the 
northeast end of the rocky point at the south 
end of Wallis Sands suggests that till covered 
the bedrock at one time. Waves have eroded 
the till mass, leaving the boulders and building 
the finer fragments into beaches. 

RYE NORTH BEACH: This bedrock area, partly 
mantled by till, lies between Wallis Sands on 
the North and Foss Beach on the south. A 
boulder pavement nearly 600 feet wide and a 
low, wave-cut cliff lie around the southeast 
icorner of the point. Large cobbles and one 
small pocket of shingle are all that remain of 
the till cover, which was once more extensive 
here. 

FOSS BEACH: This is a slightly curved tombolo 
connecting the rocky point of Rye North 
Beach with the small hill of till and bedrock 
ion the south where Rye Harbor State Park is 
located. The till mass was once an island but 
has been joined to the mainland by the accumu- 
lation of marsh deposits behind the beach. 
Except for the boat anchorage of Rye Harbor 
(which is protected by jetties and has been 
deepened by dredging), the large lagoon behind 
Foss Beach is nearly filled in. 

Apparently the sand and shingle of Foss 
Beach came from the boulder pavements at 
both ends, and the heavier shingle was heaped 
‘higher in the middle and along the crest. The 
shingle reaches down to the low-tide level at 
both ends of the beach and laps up on the 
patches of boulder pavement. At the south 
end the patches of boulder pavement are much 
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more extensive, indicating greater removal of 
till there. Smaller amounts of sand and shingle 
came from the eroded front of the Rye North 
Beach till mass. The shingle is somewhat finer 
toward the north end, and analyses of sand 
samples, which show no difference in grain size 
along the beach, suggest that sorting is better 
toward the south end (Table 2). 

In the summer of 1951 a blanket of sand 
could be seen on the middle of the beach, 
lying against the seaward side of the shingle 
beach ridge. This was probably a recent and 
temporary accumulation brought by the gentle 
summer waves which moved nothing larger 
than particles of sand size. 

The growth of the Foss Beach tombolo was 
mainly the result of waves striking the offshore 
ledges and till masses and being refracted in- 
ward, thus eroding them rapidly and transport- 
ing the debris backward and sideways. However, 
as suggested by Lewis (1931) and others, the 
highest beach ridges are built by the largest 
waves that can reach the shore line. The high 
ridge in the center of Foss Beach and along the 
crest, formed of the larger shingle, was probably 
built by unrefracted waves striking the center 
of the beach. These waves, possessing more 
energy, would be able to pile pebbles higher 
than refracted waves at either end. 

RYE HARBOR STATE PARK: This narrow point 
of bedrock and till is flanked by boulder pave- 
ment, indicative of the once greater extent of 
the till cover. The point projects seaward 
because of the original position of the till 
mass rather than because of differential re- 
sistance to erosion. 

RYE HARBOR SPIT: Enclosing the south 
end of the Rye Harbor marsh is a cobble spit 
built northward from Straw Point. This 
feature is the highest and largest storm beach 
along the New Hampshire shore line; the 
crest at about its midpoint rises more than 
30 feet above the low-tide line. Shingle probably 
came from both ends, since extensive flats of 
boulder pavement occur both north and south 
of the spit. The seaward end of the Straw 
Point hill has apparently been cut back 50-100 
feet, leaving a wide apron of large boulders. 
This spit may have been formed as a tombolo 
that once connected a small patch of till to 
Straw Point. All that is now left of the till mass 
is the boulder pavement. In a pocket at the 
north end of the spit is a small beach of coarse 
sand. Analysis of a sample from it showed that 
the median grain size was much larger than 
that of samples from any of the other beaches. 
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STRAW POINT: This low till mass, half a mile 
long and a third of a mile wide, was probably 
once an island. It is now joined to the mainland 
by a marsh and by Cable and Jennes beaches. 
Wave erosion has produced a low sea cliff in 
the till and a boulder pavement—widest along 
its south side—across the seaward end of Straw 
Point. 

CABLE AND JENNES BEACHES: The next large 
beach to the south, nearly a mile and a half 
long and slightly curved, is called Cable Beach 
on its northern end and Jennes Beach to the 
south (Photo 2). Technically, the beach could 
be called a tombolo, but the term baymouth 
bar is preferable since Jennes Beach cuts off 
the Eel Pond lagoon. With its natural outlet 
now obliterated by beach drifting and highway 
building, Eel Pond is now drained by a culvert. 

The size of the cobbles in the shingle ridges 
decreases from both ends, becoming finer 
toward the center. Cable and Jennes beaches, 
however, differ from Foss Beach in that the 
shingle ridges are located at the ends and 
diminish in volume toward the center. Pebbles 
and other debris have been swept backward 
from the till masses at each end, but because 
this beach is long, the shingle has not yet 
moved into the center. This description is of 
the summer beach; in winter it probably has 
much less sand. Analyses of sand from points 
along the beach show no change in median 
diameter but indicate better sorting at the 
north end (Table 2). 

Another factor here is the “‘lost till mound” 
that is represented by the boulder pavement in 
front of the beach. This obstacle causes waves 
to break and refract, preventing them from 
building a high storm ridge. A part of this 
former till mound sticks up through the middle 
of the beach, separating it into two bars. Cable 
and Jennes beaches give no morphological 
indication of any significant direction of beach 
drifting. They appear to have been formed 
mainly from material from both ends. 

RYE HEADLANDS AND LITTLE BOARS HEAD: 
Between the Rye Beach Club and the end of 
Little Boars Head the village of Rye Beach is 
built on a ledge and till promontory. Along this 
shore are several small pocket beaches, such as 
Bass Beach, which have been built between 
rocky points and in several cases cut off small, 
marshy lagoon areas. These are baymouth 
bars on a miniature scale. Johnson took photo- 
graphs here about 40 years ago and described 
these features as “small but remarkably fine 
cobblestone pocket beaches,” (1925, p. 430, 


Fig. 205; see 1919, p. 78, Pl. IX). No noticeable} pebble: 
changes have taken place on this part of the the till 
shore since Johnson’s photograph was taken. } of the | 
Little Boars Head is a low drumlin at the| of Nor 
south end of an irregular till mass. The seawan} NOR’ 
edge of the hill is skirted by a wide boulder long, © 
pavement, indicating extensive wave erosion,| Great 
This washing away of the till produced the| along t 
large volume of shingle and cobbles that are| of shin, 
now piled in the beach ridges. front o 
RYE BEACH:! Rye Beach, a tombolo, conneets| points 
Little Boars Head to a till mass at Plaice Cove| sorting 
Marsh deposits have accumulated behind this| in fron 
beach and joined it to the mainland. A storm| and lo 
ridge of shingle lies at its north end, but most| product 
of the beach is made up of sand. A stretch off ridge it 
ridge about 200 feet long at the south end of\tecting 
Rye Beach is topped by stable sand dunes. In{ preven 
the middle of the beach an outlet channel from| over th 
the lagoon has been blocked by sand. As seen} highwa 
from the air, the channel, which is at least 75} GREA 
feet wide, has a distinct S-shaped course] mark is 
because the mouth has been displaced about that G 
300 feet northward by beach drifting. The drumlir 
artificial outlet at the north end of the lagoor| half of 
probably prevents the lagoon water from) seawar 
using the partially blocked outlet in the centei| (1878) 
of the beach, except when runoff is excessive. |materia 
Analysis of the sand shows a slight decrease|time | 
in grain size northward along the beach andjHamps 
poorer sorting on the north end than on the 19th c 
middle and southern parts. At the south end oj boulder 
Rye Beach an extensive boulder pavement lies indicat 
at the northeast corner of Plaice Cove, and in| taken 
front of Rye Beach is a small patch of boulder cliff of 
pavement, similar to those found on the Cable|feet hi 
and Jennes beaches. Behind the beach two| major 
small till hills are surrounded by Little River| Despite 
swamp deposits. Rye Beach is probably ajstill ret 
multiple tombolo which first connected the| the ero 
little till mass represented by the boulderjbeach c 
pavement and then was moved backward as the| to builc 
till hill disappeared. The boulder pavement] HAMI 
still breaks up the large waves and sets up|southw 
conflicting patterns of beach drifting. bury b 
PLAICE COVE HEADLAND: This mass of till is} beach 
bordered by a low cliff and boulder pavement 1941, fF 
with numerous large erratics which are visible) betwee 
offshore at low tide. A patch of shingle liej|are geo 
against the south end of this point, and thes|lose no 
}south, 


1 The designation Rye Beach for this tombolo fol- The) 
lows local usage. Neither the sheets of the Army Map 0n Har 
Service nor the U. S. Geological Survey quadrangle and sat 
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pebbles are stones that have been eroded from 
the till and carried back along the south side 
of the headland to be piled up at the north end 
of North Beach. 

NORTH BEACH: This tombolo, roughly 2 miles 
Jong, connects the Plaice Cove headland to 
Great Boars Head drumlin. The storm ridge 
along the entire length of this beach is made 
of shingle with an apron of sand spread out in 
front of it. Analyses of the sand from several 
points along the beach show no change in 
sorting or in grain size. No obstructions occur 
in front of this beach, and direct wave action 
and longshore drifting have functioned to 
produce a smooth beach with a high shingle 
ridge in its center. The concrete seawall pro- 
tecting the base of the shingle storm ridge 
prevents severe storms from washing cobbles 
over the top of the beach and down onto the 
highway built at the foot of the backshore. 

GREAT BOARS HEAD: This conspicuous land- 
mark is an eroded drumlin. The writer assumes 
that Great Boars Head once had a typical 
drumlin shape; it has been reduced to about 
half of its original length by wave action on its 
seaward side (the lee or distal end). Hitchcock 
(1878) told of the many hundreds of feet of 
material removed from the drumlin during the 
time between the settlement of the New 
Hampshire coastal area and the middle of the 
19th century, roughly 200 years. The wide 
boulder pavements on both sides of the hill 
indicate that at least 100 feet of erosion has 
taken place on either flank. The wave-cut 
cliff of Great Boars Head is more than 40 
feet high and is the only feature of such 
major size on the New Hampshire shore. 
Despite sea walls and revetments, the cliff is 
still retreating. Pebbles and sand produced by 
the erosion of the hill have been carried by 
beach drifting both up and down the shore line 
to build North Beach and Hampton Beach. 

HAMPTON BEACH: Hampton Beach and its 
southward continuation, Seabrook and Salis- 
bury beaches, are all part of a much larger 
beach system. Chute (Chute and Nichols, 
1941, p. 18) pointed out that all the beaches 
between Boars Head and the tip of Cape Ann 
are geologically similar throughout and neither 
lose nor gain sand from areas to the north and 
south. 

The nature and arrangement of the materials 
on Hampton Beach, shingle on the north end 
and sand to the south, indicate that much of 
the material came by longshore drifting from 
the erosion of Boars Head. Analyses of sam- 
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ples show that the material now collecting 
outside the jetties, which keep Hampton 
Harbor open, is larger in grain size and slightly 
better sorted than the sand on the main 
part of the beach. Examination of maps 
and photographs suggests that beach drift- 
ing in the vicinity of the mouth of Hampton 
Harbor goes both north and south and that 
much material is collecting alongside both 
jetties. A few small sand dunes are now forming 
inland of the high-tide line in the area where 
the beaches have grown seaward. 

A U.S. Army Corps of Engineers report 
(1953) dealing with beach erosion control at 
Hampton Beach suggests a moderate southward 
drift of material on the beach as well as an 
offshore source. Detailed measurements show 
that the loss of material from the beach, 
foreshore and offshore out to a depth of 18 
feet, exceeds the rate of supply. During 1955 
about 700,000 cubic yards of fill was pumped 
from Hampton Harbor and added to the beach 
along about 6000 feet of its length. This 
doubled the width of the public beach in front 
of massive sea walls. 


ANALYSES OF BEACH SANDS 


Samples of sand, collected from all the 
beaches and analyzed in the laboratory, were 
taken from the top inch of material on the 
beach about midway between the high- and 
low-tide lines. Comparison of samples (Table 2) 
is based on the median diameter and the co- 
efficients of sorting and skewness following 
Trask (in Krumbein and Pettijohn, 1938). The 
procedures of Schalk (1938) served as a model 
for this study. These values do not vary greatly 
from each other and do not indicate any over-all 
trends in grain size or sorting. Their random 
irregularity indicates that each beach operates 
independently in terms of source material and 
direction of sediment movement. 


BEACH DRIFTING 


A study of the shapes of the wave-built 
features, the locations and migrations of outlet 
streams, and decreases in grain size indicates 
no apparent dominant and prevailing direction 
of longshore drifting. The decreasing volume of 
beach sand and the decreasing size and length 
of beaches northward from the mouth of the 
Merrimac River at Newburyport, about 6 
miles south of the mouth of Hampton Harbor, 
suggest the simple picture of a source of 
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material at the river mouth and its deposition 
in decreasing amounts northward. However, a 
comparison of the median diameters of the sand 
grains and the sorting coefficients of the few 


TABLE 2.—SUMMARY OF ANALYSES OF BEACH SANDS, NEW HAMPSHIRE SHORE LINE 
Samples were taken from the top inch of beach material midway between high- and low-tide levels. 


North end, Wallis Sands... 
South end, Wallis Sands 


DOTS ROAR OGM MMOBER 205 5 ccs ora cehecgaiieine dues she oss 


South end, Foss Beach 


South of Jetty, Rye Harbor... .... ackwe ccisndeeeees 


North end, Cable Beach. . 
Middle, between Cable and Jennes beaches......... 
South end, Jennes Beach..... 
North end, Rye Beach....... 


DENS ARGO OBEN he 5 350g 55 sieve veserisiorn Saswispintes « 
Plaice Cove, south end, Rye Beach................. 


North end, North Beach......... 


ON se er ee 


North end, Hampton Beach...................0- 
South end, Hampton Beach... . 
North of north jetty, Hampton Harbor 


samples analyzed does not substantiate this 
generalization. 

A possible explanation for the decrease in 
size and number of beaches northward may be 
the lessening volume of glacial drift and an 
increasing amount of bedrock. Chute (Chute 
and Nichols, 1941, p. 19) suggested that many 
reversals of shore drift occurred between Boars 
Head and Cape Ann and that neither direction 
was dominant. 

Although no single major direction of beach 
drifting can be identified on the New Hampshire 
shore line, dozens of local examples exist where 
either northward or southward drift is dominant. 
Many beaches appear to have been built by 
both northward and southward drift. Under 
the influence of the variable New England 
weather, the amount and direction of beach 
drifting surely changes irregularly. The alter- 
nation and variation in drift can be seen in the 
variety and different sizes of beach types de- 
scribed above. 


WaAvE EROSION 


Along the New Hampshire shore line wave 
erosion is subordinate to wave deposition. 
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Where the waves strike against outcrops Beach 
solid bedrock, very little evidence of wayeappro 
erosion can be seen, except on the less resistanjend © 
trap dikes where deep narrow notches hav Beact 
back 
TABLI 
P | 
Median Coefficient of Log of 
diameter ? 
: sorting | skewness 
in mm 
a 0.17 1.19 —0.01 | wallis 
a 0.27 1.46 —0.05 Foss ] 
= 0.19 1.25 0.03 Cable 
ee 0.18 1.28 0.03 Bea 
és 1.80 1.36 —0.04 Rye I 
eau 0.18 | 1.24 | 0.03 North 
“ad 0.17 | 1.02 0.01 Hamp 
ad 0.18 | 1 ee —0.05 a 
. 0.24 1.44 —0.04 
£ 0.33 | 1.19 —0.03 | Beact 
RA 0.35 1.21 —9.08 | till m 
| 0.22 1.18 0.04 | ward 
“id 0.20 | 1.18 —0.04 | the p 
Mi ee 0.0 | end. 
| 0.20 1.18 0.01 | their 
on 0.38 | 1.17 —0.02 | seawe 
ee pease | ledge: 
Th 
been eroded. Sea cliffs have been cut in the unj expla 
consolidated glacial deposits. At Boars Head! Breal 


serve 
in En 
the g 
were 
the I. 
analy 


Little Boars Head, Straw Point, and at Rye 
Harbor State Park wave action has produced 
steep slopes with evidence of landsliding, 
slopewash, and undercutting. The presence of 
boulder pavements in many places in front of 
drumlins and elsewhere suggests considerable 


wave erosion of till in the past. step 
avails 

BEACH ALIGNMENT shore 

spits 


large 

back 

time, 
form 

beac 
direc 
coast 
the « 
direc 
islanc 
wave 


Examination of maps and charts of the shore 
lines of northern Massachusetts, New Hamp 
shire, and southwestern Main shows that the 
long axes of the beaches are not parallel to the 
major trends of the coast line. In the New 
Hampshire area the direction of the shore line, 
measured from the north side of Hampton 
Harbor to the northeast end of the bedrock 
point at Fort Dearborne, is about N. 30° E. 
The approximate alignment of all the beaches 
except Rye Beach is closer to a north-south, 
line than the trend of the coast line. The align} direc 
ment directions are shown in detail in Table 3) WI 

These beaches are arranged en echelon (Fig! 40 n 
1). This is well shown by the way Hampton Wave 
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BEACH ALIGNMENT 


Beach on the south butts against Boars Head 
approximately 3000 feet west of the seaward 
end of the drumlin. The south end of North 
Beach touches Boars Head about 1200 feet 
back from the end. The north end of North 


TABLE 3.—BEACH ORIENTATION ALONG THE NEW 
HAMPSHIRE SHORE LINE 


Deviation 
from approxi- 
mate shore 
line trend 


Direction of 
beach trend 


N. 20° E. 


Wallis Sands........ 10° W. 





| 
Foss Beach.......... N.15°E. | 15° W. 
Cable and Jennes 
MACHER G2 ished N.20°E. | 10° W. 
Rye Beathy vi ses, Ngs Bae hs. SPB 
North Beach....... | N. 10° E. 20° W. 
Penny N25? EB, 


Hampton Beach . 25° W. 





Beach joins the south side of the Plaice Cove 
till mass about 1200 feet inland from the sea- 


| ward end. Rye Beach meets the north side of 


the point scarcely any distance back from its 
end. Most of the beaches curve seaward at 
their ends where they join headlands and curve 
seaward convexly in a cuspate form wherever 


_| ledges or boulder pavements occur off the beach. 


The foregoing observations can best be 
explained in terms of Lewis’s Dominant 
Breaker Hypothesis (1931; 1938). Lewis ob- 
served that many freestanding shingle beaches 
in England did not align themselves parallel to 
the general trends of the coast line but rather 
were formed at right angles to the direction of 
the largest waves that reach the coast. Lewis 
analyzed over-all beach construction as a two- 
step process. Whete detritus ef many sizes is 
available, the ordinary waves will cause long- 
shore drifting within the surf zone, extending 
spits and bars lengthwise. During storms the 
large waves will pile shingle in ridges along the 
back of the beach. Thus, with the passage of 
time, a ridge or berm complex accumulates to 
form the backbone of a beach. Since the 
beaches that Lewis studied all faced the 
direction of the largest waves to reach that 
coast, he concluded that this factor controlled 
the orientation of beaches and their over-all 
direction of elongation. Wherever promontories, 
islands, or shoals create a partial lee and cause 
wave shadows, smaller beaches still face the 
direction of longest fetch. 

When waves are considerably refracted, they 
do not have so much energy as unrefracted 
waves. Thus large storm waves coming straight 
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in against a beach will build higher storm 
ridges than at the ends of a beach or along the 
sides of a promontory. The orientation of the 
New Hampshire beaches and the locations of 
their highest berm ridges indicate that the 
largest storm waves come against this coast line 
more or less from the east and that they are 
not generaily perpendicular to the major trend 
of the shore line, which is N.30°E. 

The numerous points and ledges that project 
essentially perpendicular to the trend of the 
shore line might act as large groins. On beaches 
with groins, deposition occurs, and the beaches 
widen on one side of the groins. If the prevailing 
direction of drift on the New Hampshire shore 
line were southward, deposition would take 
place on the north sides of the peninsula 
groins. In this case, the shore-line trend is 
approximately N.30°E., and the beaches would 
trend more nearly north-south. Table 3 shows 
that individual beaches along the New Hamp- 
shire coast line fit this theoretical case. How- 
ever, this does not seem to be the explanation 
for the beach orientation; large-scale southward 
movement of detritus does not occur for two 
reasons: (1) the till cover, which could serve 
as a source of beach sand and shingle, is very 
thin and patchy along the north part of the 
shore line; (2) the tidal Piscataqua River 
carries very little sediment into the sea because 
the deep inland bays serve as settling basins 
for material brought seqward by _ the 
Piscataqua’s several tributaries. 

These echelon beaches are not found on great 
open coasts, such as those along the seaward 
edge of Cape Cod, but occur only where 
numerous points and islands cause wave re- 
fraction. Charts and maps of the shore line of 
New England show countless examples of 
beaches that face the direction of longest fetch. 
Along the coast line of New Hampshire, which 
has few deep esturaries or long promontories, 
waves coming from any direction between 
northeast and southeast by south can reach the 
beaches. Thus the dominantly north-south 
allignment of the New Hampshire beaches 
suggest that the major storm waves that con- 
structed them came from the east. 


DROWNED ForRESTS 


J. W. Goldthwait (1925, p. 70; Goldthwait 
et al., 1951, p. 60) reported the occurrence of 
rotting black stumps exposed only at neap 
tides at the northern end of Jennes Beach, to 
the south of Straw Point in Rye, and at 
Odiorne’s Point in the northeast corner of 
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Rye. The stumps were not visible during the 
summer of 1951. The “drowned forests” suggest 
either compaction of marsh deposits under the 
weight of shoreward migrating beaches or a 
eustatic rise in sea level. Since Marmer (1951) 
suggested on the basis of tide-gauge records 
that the New England coast is being drowned 
at a rate of 0.02 feet per year, the drowning 
probably records a eustatic rise. 


CLASSIFICATION OF THE SHORE LINE 


According to Johnson’s (1919) widely used 
system of classification the shore line of New 
Hampshire is one of submergence in middle 
youth. Such a shore line has an irregular trace 
with numerous promontories, inlets, and islands 
formed when a landscape maturely dissected is 
partially covered by an encroaching sea. This 
is especially applicable if one considers the 
entire coastal area of New Hampshire with the 
drowned valley of the Piscataqua River and its 
tributaries. Drowning is not so obvious between 
Fort Dearborne and Hampton Harbor because 
the intervening area was not so deeply dissected 
by preglacial or glacial erosion. 

Johnson (1925, p. 146-149) described the 
shore line of central New England as having 
characteristics of submergence in the north and 
emergence in the south. Elsewhere Johnson 
(1925, p. 486-487) pictured the large, almost 
continuous beaches between Boars Head and 
the south end of Plum Island, Massachusetts, 
as an offshore bar, indicative of a young shore 
lime of emergence. 

These apparent contradictions illustrate the 
principal shortcomings of Johnson’s classifi- 
cation. In Johnson’s first case—that of the 
shore line north of Portland, Maine—the relief 
of the land and of the sea floor close to the land 
was great enough so that whatever the final 
change in sea level was, the irregular shore 
line, indicative of submergence, was not 
changed. Here also, Johnson used the presence 
of elevated marine deposits to suggest secondary 
emergence. In the case of the offshore bar in 
the vicinity of the New Hampshire-Massa- 
chusetts line, the relief of the land and the 
offshore sea floor was slight. Thus, even with 
submergence, the waves, which had to break far 
out from the shore line because of the shallowing 
water, built an offshore bar, a feature more 
typical of an emerging shore line. 

In an attempt to provide a classification of 
shore line that would cope with these incon- 
sistencies, Shepard (1937; 1948) proposed using 
two divisions of criteria for classifying a shore 


S. D. TUTTLE—EVOLUTION OF NEW HAMPSHIRE SHORE LINE 


line: (1) shore lines whose configuration is cyssio 
primarily due to nonmarine agents and (2)/druml 
shore lines whose configuration is mainly thdand n 
result of marine agents. In general, the shore thesis. 
line of New Hampshire, according to Shepard’; postgl 
classification, fits into the second category, isosta 
specifically a coast shaped by marine deposition] Both 
straightened by the building of bars acrosi}rise o 
estuaries, and characterized by offshore bars|with 
and longshore spits. Isosta 
In terms of Shepard’s first division, the} maxin 
configuration of the New Hampshire shore line} caste 
is due to drowned river valleys and partially | of jso: 
submerged drumlins and other glacial hills and] sybm« 
has been modified since by wave deposition. Ii} Th, 
one considers the history and sequence of] jndica 
events of a shore line, a different difficulty} Their 
arises in using Shepard’s classification rather} seq J¢ 
than Johnson’s because with Shepard’s one may} sybmi 
use several unrelated criteria. Shepard accepts] yalley 
this (1937, p. 605): “There is no reason . . . why} to be 
two classes should not be used for the same’ cide ¢ 
coast, as, for example, a ria coast with offshore sugge 
bars.” Th: 
Some geomorphologists have made classifi- shire, 
cations of shore lines on the basis of topographic cyt pb: 
maps or charts alone; others used combinations feet , 
of field data and map information. However, drow) 
difficulties arise in trying to relate the morpho-, depos 
logic shapes and locations of beach features to} grade 
an interpretation of the history of the shore] than. 
area. | Katz 
The author’s opinion, based on the experience! the “ 
of the present study, is that shore lines must be} At 
described in terms of the present, and beyond} along 
this geographical description, the Quaternary | feet I 
history must be worked out, showing how the son, 
present shore-line configuration evolved. j 





| drow: 
shore 
magn 
1941) 
has p 


GEOGRAPHIC DESCRIPTION OF THE SHORE LINE 


The New Hampshire shore line, an area of 
low relief, is fairly straight and has two large by tl 
estuaries—Great Bay, deep and complex with prob: 

a | 

a dendritic pattern, and Hampton Harbor, | highe 
shallow and simple in shape. Northward along | glaci: 
the shore, beaches are fewer and smaller, and| — Th 
many ledges occur. Rocky headlands, drumlins, | 
and till hills joined together by baymouth bars/| 
and tombolos form a series of points connected | 
by slightly arched stretches of beach. Small | 
lagoons and marshes lie behind the shore! 
(Fig. 1). 
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EVOLUTION OF THE SHORE LINE 


Some information is available to suggest the 
development of the shore features under dis- 


ration is cyssion. Following deposition of ground moraine 
and (2)! drumlins, and stratified drift, glaciers stagnated 
ainly thdand melted away (Tuttle, 1952; 1952, Ph.D. 
the short thesis, Harvard Univ.). Presumably during 
shepards postglacial time the relationships between 
category isostatic and eustatic change were as follows: 
‘Position,| Both the land and sea level were rising; eustatic 
rS aCcrossirise of sea level was essentially synchronous 
ore bars|with the deglaciation and caused submergence. 
Z Isostatic rebound followed; when it was at a 
HOR, the maximum, it overcame eustatic rise, and the 
hore line coastal area emerged. With the slowing down 
partially of isostatic rebound, eustatic rise again caused 
hills and] submergence. 
sition. Ii! The postglacial marine clays record several 
lence ilindications of the fluctuations of sea level. 
lifficulty | Their present elevation of at least 50 feet above 
n rather! sea level in the coastal area indicates that 
one may} submergence has occurred. Clay flats in the 
| accepts valley of Little River in North Hampton appear 
. +. Why] to be graded to a wave-cut notch on the south 
he same! side of the Little Boars Head drumlin. This 
offshore suggests a former higher stand of the sea. 
: Throughout the coastal area of New Hamp- 
classifi- shire, the smooth, flat clay plains have been 
graphic cut by small tributary valleys. They are 40-50 
mations feet deep and steep-sided. The bottoms are 
owever, drowned and filled with water and marsh 
norpho-| deposits. These streams appear to have been 
tures tO! graded to a base level perhaps 20-30 feet lower 
shore} than present sea level; this suggests emergence. 
: | Katz (1913) described similar topography on 
perience’ the “Leda Clays” in southwestern Maine. 
must be At the present time eustatic rise of sea level 
beyond| along the New England coast is about 0.01-0.02 
ternary | feet per year (Marmer, 1951, p. 58; Thorarins- 
pve the| son, 1940). (It was probably this rise that 
‘ | drowned the forests along the New Hampshire 
shore.) Isostatic rebound, never of great 
‘E LINE magnitude here, is slowing down (Gutenberg, 
1941). Thus, at present, sea level is rising and 
area of has probably come up from the level indicated 
© large! by the drowned gullies. Before that, sea level 
x with! probably receded from a level at least 50 feet 


S ! . . . . 
Larbor, | higher while clays were being deposited over the 





1 along glacial deposits. 

er, and) This combination of submergence, emergence, 

umlins, | and submergence of the land finally brought 

th bars | the sea against an area of low relief, allowing 

—— salt water to penetrate many miles up the 
ree | major drainages and to form an irregular line 


| along the shore zone over the deposits of till, 
stratified drift, and clay. Some of the till hills 
stood as islands in the shallow seas. Wave 
' action, which concentrated on the headlands, 
est the eroded the soft glacial deposits and spread 
er dis-- them as connecting links across the mouths of 
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shallow bays. Whenever a ledge was uncovered, 
it caused a halt in the recession of the headland, 
and the protruding ledge refracted the waves 
against its flanks, dissipating their energy. 
Boulder pavements remain where hills of glacial 
till were destroyed and the fine material was 
worked into beaches. Shallow bays, cut off by 
growing bars, filled with silt and peat up to 
high-tide level. 

The erosion of the glacial debris and the 
construction of the beaches has probably oc- 
curred since the Postglacial Optimum, and the 
level of the sea has risen very slowly during the 
last several thousand years. 


SUMMARY 


During deglaciation and since then, the sea 
oscillated above and below its present level. 
The major configuration of the shore line 
resulted from the sea encroaching on modified 
glacial topography. Wave action rapidly chewed 
into the soft glacial deposits and transported 
the sand and pebbles laterally along the shore 
line, forming bars, spits, and tombolos. The 
boulders in the till, too large to be moved by the 
waves, were left behind as boulder pavements. 
Beach drifting occurred both north and south. 
The minor curves and positions of the beaches 
are the results of wave refraction. The slightly 
oblique orientation of the beaches from the 
shore-line trend is due to the fact that they face 
the direction from which the greatest storm 
waves approach. Beach development has 
smoothed out the shore line, in a geographic 
sense, by bridging the bays and connecting the 
islands. 
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GRAVITY MEASUREMENTS ON THE SALMON GLACIER AND 
ADJOINING SNOW FIELD, BRITISH COLUMBIA, CANADA 


By R. D. RusseEtt, J. A. JAcoss, AND F. S$. GRANT 


ABSTRACT 


An account is given of a detailed gravity survey carried out on the Salmon Glacier and 
the adjoining snow field. The reduction of the data is complicated by the extreme ir- 
regularity of the terrain and by the fact that the structure of the glacier and the locations 
of the stations are time dependent. Maps show the Bouguer anomalies, and two profiles 
are drawn across the glacier and one along its length. The accuracy of the results is dis- 
cussed in detail; it is concluded that gravity measurements alone can give a very good 
indication of the shape of a deep-valley glacier and also its approximate depth. Other 
independent data are necessary to determine its precise thickness. 
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Figure 
1. Gravity anomalies due to some simple tabu- 
lar shapes 


INTRODUCTION 


Expeditions to the Salmon and Leduc 
glaciers were organized in 1956 and 1957 by 
the University of Toronto as part of Canada’s 
glaciological program in the International 
Geophysical Year. These glaciers are situated 
in the Coast Range Mountains of British 
Columbia just outside the southern tip of 
Alaska (approximately lat. 56° 10’ N., long. 
130° 15’ W.). The topographic map of the 
Iskut River (Sheet 104B) shows the general 
area, and Plate 2 shows the area in greater 
detail. The Salmon Glacier descends from an 
accumulation area at an altitude of about 
5500 feet and flows east for about 714 miles 
and then divides. Some of the ice discharges 
into Summit Lake to the north, while the main 
part descends another 2500 feet to the snout, 
5 miles to the south at a height of 700 feet 
| above sea level. From the top of the Salmon, 
the snow fields rise another 1000 feet to the 


2. Depth profile A-A’ 

3. Depth profile B-B’ 

4. Depth profile along the length of the glacier 
shown without vertical exaggeration.... 1228 


Plate Facing page 


1. Map of the Salmon Glacier showing the 


network of gravity stations. ..... 
2. Photomosaic of the Salmon Glacier and 
adjoining snow field : 
3. Map of the snow fields showing the net- 
work of gravity stations.... 


north, but in other directions they descend 
into other glaciers. 

The main objectives of the 1956 expedition 
were extensive seismic and gravity surveys. 
The results of the seismic work, which was 
organized by R. R. Doell, are in preparation; 
the results of the gravity survey form the basis 
of this paper. In the second (1957) expedi- 
tion, detailed photogrammetric work was under- 
taken as well as continuous meteorological 
observations. Details of the photogrammetric 
work are being published by the National 
Research Council of Canada; an account of the 
meteorological findings has already appeared 
(Adkins, 1958). 
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FIELD PROCEDURE 


A detailed survey of the area was carried out 
for the 1956 expedition by K. Arnold, who also 
organized the reduction of the survey data. 
He supplied co-ordinates for all the points 
fixed by triangulation which controlled the 
stadia traverses run along the lines of gravity 
and seismic soundings. The co-ordinates were 
referred to the 131st meridian at lat. 56° N., 
which was also the origin of co-ordinates for 
points established by a British Columbia 
Topographic survey party working in the same 
area that summer. 

The triangulation started from Boundary 
points 14 and 15 and the old Boundary Survey 
cairn found on OATMEAL (Pl. 2). It was 
carried up the valley sides of the Salmon 
Glacier to stations CORNICE, LICK, and 
STAKE (Pl. 1) from which angles were taken 
to SEA 14 (a cairn on the summit of Mt. 
White Fraser), thus effecting a tie with the 
work of the British Columbia Topographic 
Survey. There was a misclosure of 10.9 feet in 
latitude and 7.9 feet in departure. This was 
larger than was hoped but is probably due to 
the poorly conditioned initial figure and the 
fact that K. Arnold was unable to occupy SEA 
14. The shape of the ground at the snout of the 
glacier made it very difficult to choose more 
favorably situated stations; bad weather during 
the last week of operations prevented any 
chance to observe SEA 14. However, the 
misclosure is too small to affect the accuracy 
of the seismic and gravity work. The closure 
in altitude was less than 2 feet. The line of 
stadia leveling run up the glacier was within 
this limit, so that elevations on the Salmon 
Glacier are accurate to 2 feet. The triangula- 
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tion on the snow field was controlled by resec-| applied 
tions taken from three cairns established by} surface. 
the British Columbia Topographic Survey,} per 10: 
EYES, WAKKI, and SEA 14, and the station} The i 
CORNICE fixed by K. Arnold. The elevations} ments | 
for these resected points were calculated from} survey 
at least two of the points, and the greatest! Jacobs, 
difference was 6 feet. The accuracy of the| 
field work on the snow fields was within this RE 
limit, and 6 feet is thus a good estimate of the 
accuracy of altitudes on the snow field. The 
A chained and leveled base line was set up) station 
running approximately up the center line of {1 and. 
the entire length of the upper arm of the) glacier 
L-shaped Salmon Glacier (Pl. 2). On reaching; The d 
the adjoining snow field, a central base line! relativ: 
was again established, approximately at right! and al! 
angles to the Salmon base line. Gravity stations} a rathe 
were set up every 600 feet along these base} ice ma: 
lines, and lateral traverses were made through} The 
each station. On these traverses additional} numbe 
stations were set up every 600 feet, to the/ gravity 
edge of the glacier unless severe crevassing| the st 
made this impracticable. Plates 1 and 3 show) locatio: 
the network of stations established. The only’ the co 
exception to the above arrangement of stations extrem 
was in the vicinity of the L-shaped bend in the latitud 
Salmon Glacier. Here as the firn line receded,| as was 
severe crevassing made the task of establishing} free-ai1 
regular straight-line traverses difficult, and} temma 
instead gravity readings were made at con-} as well 
venient points, the positions of which were) jation 
determined by using two transits, located! from t 
on adjacent mountains and controlled by a! alies a 
system of visual signals. Afte 
From the movement of stakes the surface} discuss 
of the glacier near the center was found to be| anoma 
moving at a rate of approximately 8 inches a} for an 
day. Thus during the 3 months of geophysical! physic 
operations the glacier moved about 60 feet. anoma 
This presented a problem not ordinarily met  deficie 
with in gravity surveys, viz., that readings were! ice fo! 
taken on a moving surface, which necessitated | terrair 
that results be reduced to a given time. All} consid 
co-ordinates were referred to conditions on} there 
June 23, 1956. To allow for glacier movement | positic 
the following corrections were applied—nega-| body” 
tive for each 10 days before that date and) the B 
positive for each 10 days after: (1) within! snow 
1000 feet of the glacier edge, no correction; | assum 
(2) between 1000 feet and 2500 feet from the | The ¢ 








glacier edge, correction is 3 feet in latitude andj The 
5 feet in departure per 10 days; (3) beyond tative 
2500 feet from the glacier edge, correction is ~~ 
4 feet in latitude and 8 feet in departure per | Pa 


10 days. A correction to elevations was also 





the be 





FIELD PROCEDURE 


y resec-| applied to allow for the ablation of the snow 
hed by} surface. This was found to be about 1.7 feet 
Survey, | per 10 days. 

station} The instrument used for the gravity measure- 
vations} ments was a Worden Gravity Meter, and the 
-d from survey was carried out by F. S. Grant, J. A. 
sreatest| Jacobs, and H. Sandstrom. 

of the| 
1in_ this 
> of the 


REDUCTION OF THE OBSERVATIONS 


The gravity observations were taken at 
set up| stations whose locations are indicated in Plates 
line of 1 and 3. The total number of stations on the 
of the) glacier itself is 400 and on the snow fields 200. 
eaching/ The detailed coverage of the area and the 
se line} relatively precise determination of the position 
t right | and altitude of the stations provide data for 
tations : a rather detailed study of the geometry of the 
se base} ice masses. 
hrough} The reduction of the data is complicated by a 
litional} number of factors not usually encountered in 
to the] gravity surveys. Apart from the fact that 
vassing| the structure of the glacier, as well as the 
3 show) locations of the stations, is time dependent, 
ie only’ the contributions to the anomalies from the 
tations extremely irregular terrain are very great. The 
in the latitude correction was made in the usual way, 
ceded,| as was the free-air correction. The resulting 
lishing} free-air anomalies show an extremely large sys- 
t, and} temmatic variation of anomaly with altitude, 
t con-} as well as irregularities resulting from the var- 
| were} jation in ice depth and in terrain effects. Apart 
ocated| from these general features, the free-air anom- 
by a! alies are not in themselves very interesting. 

After some trial calculations and considerable 
urface| discussion it was decided to calculate Bouguer 
to be| anomalies as would normally have been done 
ches a} for any gravity survey carried out as a geo- 
ysical! physical prospecting venture.! The resulting 
) feet. anomalies should then represent only the mass 
y met deficiency due to the substitution of less dense 
s were! ice for the heavier country rock. After the 
itated| terrain correction is made, the glacier can be 
e. All| considered an “ore body,” but in this case 
1s On} there is the enormous advantage that the 
ment} position and shape of one surface of the “‘ore 
nega-| body” is precisely known. Plates 1 and 3 show 
> and; the Bouguer anomalies for the glacier and 
vithin! snow field. These were calculated for an 
ction; | assumed country-rock density of 2.67 gm/cm’. 





nig 


n the} The choice of this value is discussed below. 
eand; The Bouguer anomaly maps show quali- 
‘yond tatively the depth variations of the ice. Plate 1 
ion is eae ee Tae 

€ per 1Other procedures are possible, and it is not 
: alee obvious that the method adopted here is necessarily 
) S 


the best. 
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shows clearly the very deep region at the high 
end of the glacier and the shallow parts be- 
tween No and Wo and at the L-shaped bend 
where there is an ice fall and the glacier is 
badly fissured. 

Two typical cross sections of the glacier 
were determined, at the positions A-A’ and 
B-B’ as shown in Plate 1. The calculations 
were simplified by the assumption that the 
glacier was infinite in extent in a direction 
along its length. This simplifies the problem 
to one in two dimensions. All terrain correc- 
tions and shape factors for the glacier were 
obtained from the two equations: 


1 
Ag = coil — rlog (: + ‘) —2 wr | (1) 
r 
: 1 
Ag = 2Gph| 2 tan ry + rlog{ 1+ r 5 


The first equation represents the anomaly 
at a distance rh from an infinite plateau of 
height h (i.e., r is the ratio of the distance 
from the plateau to its height). The second 
represents the anomaly over the center of an 
“ore body” of rectangular cross section and 
infinite length, of thickness & and width 2rh. 
In both cases p is the density (or density 
contrast). Bodies of shapes to which these 
formulae apply are sketched in Figure 1, which 
also shows graphs of the functions, for the 
density contrasts used in the calculations. 
Any two-dimensional ‘ore body” or terrain 
feature can be approximated as precisely as 
is desired by using these formulae. Here one 
boundary of the “ore body” is at the surface, 
but even this restriction is unnecessary. 

The mountains adjoining the glacier were 
approximated with tabular bodies and terrain 
corrections determined for the two cross 
sections considered. As has been mentioned, 
the terrain correction is very large, amounting 
to about 5 mgals at the center of the glacier 
and 15 mgals at the edge. Because of the 
importance of the terrain correction calcula- 
tions were repeated with different approximate 
shapes, and similar results were obtained in 
each case. Here the principal source of error is 
the assumption of a two-dimensional model. 

Another difficulty is the absence of stations 
off the glacier. This is due to the mountainous 
terrain which would make them difficult to 
occupy and the results very difficult to in- 
terpret. However, the surface shape and posi- 
tion of the edges of the glacier are accurately 
known. The extrapolated gravity reading at 
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PHOTOMOSAIC OF THE SALMON GLACIER AND ADJOINING SNOW FIELD 
(Courtesy National Research Photogrammetry Laboratories, Ottawa) 
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REDUCTION OF THE OBSERVATIONS 


ithe glacier edge can be obtained, and it was 
poe that this value would apply across 
ithe glacier, if the ice were replaced by rock of 
density 2.67 gm/cm*. This assumption is 
iclearly not correct, but no better solution was 


fic yund. 
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shows to scale and without vertical exaggeration 

a cross section along the length of the glacier. 
PRECISION OF THE RESULTS 


The gravimeter readings were made with a 
precision better than 0.1 mgal. However, the 
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| Ficure 2.—Dertu Prorite A-A’ 


An approximate shape was chosen for the 
glacier cross section, and equations 1 and 2, 
as drawn in Figure 1, were used to calculate 
an anomaly curve for the shape chosen. From 
this the ratio of anomaly to glacier depth was 
idetermined as a function of position along 
ithe profile. By dividing each point on the 
terrain-corrected Bouguer anomaly curve by 
the corresponding anomaly per hundred meter 
depth as calculated for the approximate shape, 
a second approximation is obtained. This 
iterative procedure converges rapidly, and the 
final cross section obtained for the particular 
profiles A-A’ and B-B’ are shown in Figures 
2 and 3. These figures also show the Bouguer 
anomaly, the terrain-corrected anomaly, and 
the anomaly per 100 mgals depth. Figure 4 


altitudes of the stations are known only to 
within + 2 feet on the Salmon Glacier and 
+ 6 feet on the snow field. These uncertainties 
yield possible errors of + 0.2 mgal. and + 0.6 
mgal in the case of the free-air anomalies and 
somewhat less in the case of the Bouguer 
anomalies. These uncertainties are insignifi- 
cant. 

Bouguer anomalies were calculated with an 
assumed density of 2.67 gm/cm*. The authors 
believe that any error here is also negligible. 
The glacier is essentially two-dimensional, so 
that the Bouguer correction is appreciably 
constant along any traverse across the glacier. 
Thus a significant error would not affect the 
shape and depth of a calculated cross section, 
since all anomalies are relative to an arbitrary 
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' 
value at the center and the extrapolated edgi north ¢ 
values. The magnitude of this error is difficul} joint a 


datum. The figure 2.67 also appears in the 
density contrast in the determination of the 
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Ficure 4.—DeEptu PRoFILE ALONG THE LENGTH OF THE GLACIER, SHOWN WITHOUT VERTICAL 
EXAGGERATION 


have a much more serious effect. If the country- 
rock density were 2.77 gm/cm? (i.e., an error 
of 0.1 gm/cm’) an ice-thickness error of 2.6 
feet per milligal anomaly would result. 

By far the greatest errors are due to the 
terrain effect coupled with the fact that there 
are no Stations off the glacier. The extrapolated 
gravity values at the edges of the glacier used 
in the calculation of the depth profile are very 
sensitive to small changes in the terrain cor- 
rection. The depth found for the glacier depends 
critically on the difference between the anomaly 


tions alone, we would not expect the depth| 
determination to be in error more than —10 or 
+25 per cent. However, preliminary com-| 
parisons with the seismic profiles calculated by | 
R. R. Doell show that along the profile A-A’,| 
our depth value exceeds the mean seismic! 
estimate by about 10 per cent, although it| 
falls within the range of the individual seismic | 
reflections. Granduc Mines, Ltd., sank a total | 
of five bore holes, one of which reached bottom 
at a depth of 725 m (Mathews, 1959). This 
was near the traverse A-A’ and somewhat 


i PRECISION OF THE RESULTS 
i 


ed edg’ north of the center line of the glacier at that 
difficul) 5oint and provides a good order of magnitude 
ermina) check on the depth of the glacier. 

The uncertainties in depth arise essentially 
from the fact that the Salmon Glacier is a 
deep-valley glacier in a very mountainous 
region. By contrast the width-depth ratio 
for the Lemon Glacier, investigated by Thiel 
et al. (1957), was about 9 as compared to a 
' value of about 2 for the Salmon Glacier. Gravity 
} measurements alone probably give a very good 

indication of the shape of a deep-valley glacier 

and its approximate depth. When combined 
} with other independent data they can be 
valuable in determining its precise thickness. 
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SPECTROGRAPHIC DETERMINATION OF TRACE ELEMENTS IN LAKE 
WATERS OF NORTHERN MAINE 


By M. DEAN KLEINKOPF 


ABSTRACT 


Spectrographic determination of trace elements in lake waters is utilized as a recon- 
naissance prospecting method for a remote area containing about 20,000 square miles 
in northern Maine. This paper shows how the method was developed and presents the 
trace-element-distribution pattern as defined from the elemental concentrations found 
in lake waters. 

Data for 12 elements normally present in trace amounts in natural waters—manganese, 
lead, silver, zinc, copper, nickel, zirconium, vanadium, molybdenum, chromium, tin, and 
titanium—were evaluated by comparing the traces present from lake to lake. Deter- 
minations in weight per cent of element concentrations in evaporated-water residue 
furnished data which are believed to be essentially unaffected by rates of erosion and 
changes in amounts of rainfall and runoff. Values for each element, when plotted on a 
base map of Maine, suggest that lakes that have higher values may form groupings which 
represent localities that have greater possibilities for mineralization. These groupings 
constitute the spectrographic anomalies. 

The significance of these anomalies has been established in several ways. Spectrographic 
values obtained for each element are believed to represent an integrated value of the sur- 
rounding terrain. Anomalies correlate with geologic features in several cases, and some 
are confirmed by known mineralization. 
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of the study, constitute a region which is cov- 

Maine has long presented an enigma from the _ ered in many places by a heavy glacial blanket 
standpoint of mineral-deposit discovery. Out- and is almost entirely forested. Important min- 
crops are few and scattered. The five northern — eral deposits are known to exist not far away in 
and eastern counties, Aroostook, Hancock, Quebec, New Brunswick, and Nova Scotia, but 
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to date mineral prospecting in Maine has been 
largely unfruitful. An area as large as Maine 
must not be limited to pegmatitic occurrences, 
low-grade manganese, and a single pyrrhotite 
deposit such as Katahdin. 

Because of the heavy vegetation a program 
of geological exploration in Maine is a major 
venture from the standpoint of personnel and 
supplies. Most of the area is inaccessible by car, 
as the highways are concentrated along the 
populated southern and eastern borders of the 
State. However, Maine contains about 3000 
lakes that have many tributaries and outflowing 
streams. The country can be traveled by canoe 
cv on foot, and all but the smallest lakes can be 
reached by seaplane. 

The original study (Kleinkopf, 1955, Ph.D. 
thesis, Columbia Univ.) was developed to test 
the possibility of applying geochemical testing 
of water on a large scale as a reconnaissance ex- 
ploratory method in such a region. It seemed 
probable that metal contamination could be 
detected in Maine lake and stream waters, in 
view of their ubiquitous nature. Recent success 
in the field of geochemical prospecting (Warren 
and Delavault, 1953) on a local scale indicates 
the general feasibility of geochemical methods. 
The application of such a technique to lake and 
stream waters appeared practical since northern 
Maine is relatively free of industrial plants 
which constitute a large source of contamina- 
tion of natural waters in more settled areas. 
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GENERAL GEOLOGY OF MAINE 


Maine is located within the Appalachian 
folded belt which extends from Alabama to) 
Nova Scotia. The State may be subdivided into 
three geomorphic subprovinces: the coastal low- 
lands which border the coast and have an aver- 
age elevation of about 100 feet; just north, the} 
central uplands, a belt of rolling land that has 
an average elevation of about 500 feet; and 
farther to the north, the Moosehead plateau 
that has an elevation of about 1000 feet and 
extends from the White Mountain region north 
as far as the Fish River district in a belt about | 
50 miles wide. Monadnocks are numerous on’ 
this plateau, and Mt. Katahdin, elevation 
5286 feet, is the highest (Toppan, 1932 MLS. 
thesis, Union College). . 

Keith (1933) shows a belt of Precambrian | 
and early Paleozoic gneisses, schists, and igne- 
ous rocks extending along the coast (Figs. 1, 2, 
3). Most of the rest of the State is underlain by 
a series of northeast- to southwest-trending 
folded slates and sediments which conform to 
the regional structure. Igneous bodies, which 
are largely granites, rhyolites, or metamorphic 
greenstone, are scattered throughout the State. 
Such bodies and their contact zones may be 
mineralized, although confirmation in the liter- | 
ature is fragmentary. Pegmatites, for which | 
Maine has long been famous, occur throughout 
the southwestern part of the State. These are 
of considerable economic importance from the 
standpoint of industrial minerals but lie in an | 
area beyond the scope of this study. 


—_ 


MINERALIZATION IN NORTHERN MAINE 


A review of the literature indicates that only 
one major mineral deposit is known in the six 
counties of Maine being studied. However, | 
since mineral deposits occur elsewhere in similar 
geologic environments, occurrences may be con- 
cealed in like rock types in Maine. 

Manganiferous iron-bearing shale deposits 
have been known in Aroostook County for more 
than 100 years (Miller, 1947), but until re- 
cently they had never been worked. The ores 
occur partly in hematite shale and partly in 
siliceous, chloritic limestone. The estimated re- | 
serves of metallic manganese in Aroostook 
County amount to about 1,300,000 tons and 
another possible 800,000 tons. The ore averages 
between 6 and 9 per cent manganese and up to 
20 per cent iron. These are low grade, and only 
recently have metallurgical techniques been de- 
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MINERALIZATION IN NORTHERN MAINE 


* veloped which offer promise for handling ores 
' of this quality economically (MacMillan and 
ulachian | 
ama to} 


Turner, 1954). 

Molybdenum occurrences (Emmons, 1910; 
Trefethen, 1943) are found at Cooper in Wash- 
ington County where a small mill was formerly 
operated. A deposit was worked at Catherine 
Hill in Hancock in 1910, but the low-grade ore 
could not be mined profitably. Molybdenite is 
not visible on the outcrops but seems to in- 
crease somewhat in grade with depth. Possibly 
known deposits could be developed further, or 
higher-grade deposits may exist in connection 
with some of the various granitic intrusions oc- 
curring in Maine. 

Nickel occurrences have been reported in 
neighboring Canada (Royal Ontario Nickel 
Commission, 1917), and therefore the possibility 
should not be overlooked in Maine. The Katah- 
din pyrrhotite (Miller, 1945) contains very 
minor amounts of nickel; if other pyrrhotite 
bodies exist some might constitute a nickelifer- 
ous ore body. Maine contains several basic 
eruptive rock areas which might be favorable 
for this type of mineralization. 

Copper, lead, and zinc mining has not be- 
come an industry in Maine, although consider- 
able prospecting has been carried out and a 
number of small mines opened along the coast 
(Trefethen, 1943). From 1878 to 1883 copper, 
of approximately $400,000 in value, was pro- 
duced in the Blue Hill district in Hancock 
County. Several small veins near the village of 
Lubec carry enough lead to be considered ore. 
Zinc prospects have been drilled on Penobscot 
Bay, but ore bodies have not been developed. 

The base-metal discovery at Little River, 
New Brunswick, Canada, which is within 100 
miles of Maine, should not be overlooked. Ex- 
ploration reveals both a zinc-lead and a copper 
deposit (Mining World, 1954). The combined 
lead-zinc deposit is said to average 15 per cent 
with 0.01 ounce of gold and 4.0 ounces of silver 
per ton; the copper deposit averages 1.90 per 
cent copper with very low gold, silver, lead, and 
zinc values. The mineralization is reported to 
occur as a replacement in greenstone adjacent 
to porphyry. This deposit lies on structural 
trend with the geology of Maine and occurs in 
rock types similar to those found in Maine. 


GEOCHEMICAL TESTING OF WATERS 


Methods of geochemical prospecting for min- 
eral deposits have been applied systematically 
in Sweden and Russia for more than 20 years. 
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The earlier work is summarized by Sergeev 
(1941) in Russian. More recently, studies have 
been carried on in the United States and Can- 
ada, and notable progress has been made by 
Hawkes (1950), Huff (1952), and Warren and 
Delavault (1953). Huff’s sensitive dithizone 
method is a rapid field technique which makes 
use of a colorimetric reagent, dithizone (di- 
phenylthiocarbazone), for the detection of cop- 
per, lead, zinc, and other heavy metals in rather 
small concentrations (Huff, 1948). Warren and 
Delavault (1953) in British Columbia found 
that the dithizone test for heavy metals in nat- 
ural waters was too sensitive to be of use for 
general prospecting, since the natural waters in 
that area are highly diluted by snow, ice, and 
rain. Delavault added an emulsion technique 
to Huff’s method and was able to detect as little 
as one part per billion of copper or zinc in water. 
By applying this modified dithizone method of 
stream sampling, concentrations of zinc and 
copper which were greater than normal back- 
ground were traced upward along streams, and 
several anomalies were established. These were 
attributed to abandoned mine workings in one 
case and to local stringers of mineralization at 
other places. 

In exploratory trace-element sampling, it 
must be assumed that significant traces of met- 
als which may be detected contaminate the 
waters in the vicinity of a mineral deposit. The 
studies of Warren and Delavault (1953) fall in 
line with this assumption. Before the current 
program was initiated in Maine, the writer 
undertook preliminary studies in New Jersey to 
confirm further the validity of the assumption. 
On the thesis that, in general, trace elements in 
drainage reflect metallic environment, the 
writer designed a program to attempt a broad- 
scale trace-element reconnaissance of water as 
a prospecting method in Maine. 

Since any one of a number of metallic ele- 
ments may be significant, a method was pre- 
ferred that could yield data on several elements 
with a high degree of sensitivity. The emission 
spectrograph would appear to satisfy these re- 
quirements. 

The Russians developed spectrographic 
equipment suitable for use in the laboratory 
and in the field (Ratsbaum, 1939). Their work 
has been in soil analyses for tin, tungsten, lead, 
zinc, chromium, molybdenum, copper, and sil- 
ver (Hedstrém and Nordstrém, 1945). Sergeev 
(1941), in his discussion of the use of the emis- 
sion spectrograph for analysis, lists such advan- 
tages as simplicity of operation and the fact 
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that it meets the basic requirements of econ- 
omy, sensitivity, objectivity, and reliable re- 
cording. Because of these advantages and the 
reported success of various authors in analyzing 
for trace amounts of several elements in water 
at the same time, a technique was developed to 
utilize the emission spectrograph in analyzing 
Maine water samples. 

The 12 elements chosen for study represent 
constituents normally present in natural waters 
and those which fall within the range of prac- 
tical and rapid spectrographic determination. 
The list especially includes elements that might 
be expected to yield mineral deposits as indi- 
cated by geological considerations and known 
or likely deposits discussed in the literature. 
Those selected were manganese, lead, silver, 
zinc, copper, nickel, zirconium, vanadium, 
molybdenum, chromium, tin, and titanium. All 
the above elements show on spectrographic re- 
cordings at least one spectral line which is suff- 
ciently sensitive to be readily evaluated. 


TECHNIQUE OF WATER TESTING 
General Statement 


Two-liter water samples were collected in 
polyethylene bottles and evaporated to dry- 
ness. The residues were analyzed spectrograph- 
ically by a rapid semiquantitative technique in 
the laboratories of the Department of Geology 
at Columbia University. 

The work of Braidech and Emery (1935) on 
spectrographic analyses of water supplies for 
several major cities in the eastern United States 
shows that certain common heavy metals nor- 
mally occur in trace amounts in natural waters. 
The writer developed a similar method of ana- 
lyzing water and tested it on samples of tap 
water in the city of New York (Table 1). This 
water drains an area of sedimentary rocks in 
upstate New York similar in many respects to 
parts of Maine. 

Of the elements chosen for study, all except 
molybdenum were detected in the New York 
water samples (Table 1). Molybdenum is known 
to berather immobile in humid areas (Rankama 
and Sahama, 1949, p. 629), but the occurrences 
mentioned in Maine would seem to warrant 
study of this element. The first sample evap- 
orated was analyzed six times, and the repro- 
ducibility was satisfactory. The notably high 
value for copper is attributed to contamination 
common in plumbing systems. 

This analysis confirms the presence of many 
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of the elements found by Braidech and Emery | 
(1935). The salinity or total amount of dissolved 
salts recovered was comparable to that found | 
by them. 


TABLE 1.—TeEst ANALysIs OF CITY OF 
New York Tap-WATER RESIDUE 
Values are based on elemental weight per cent | 
in the residue recovered from the evaporation of a 
2-liter water sample. 





Weight percen- | Parts per billion 








Element | tage of evapo- | based on 50 mg. 

| rated residue of residue 
oo — — = ne ne nna — } 
Manganese........ | 0.05 12.50 
ig ae ee | 0.005 1.25 
Wty vu | 0.005 125. 34 
Copper..... ts) 085 125.00 
WE netstat | 0.0005 [es a 
SS ere 0.001 0.25 
Chromium..... | 0.005 1.25 
Molybdenum...... | 0.000 0.00 
MIR ston vals actos ‘OF? | <2 Sy? 
MOIR oss cs 8 0.01 | 2.50 
ZAVCOHWM... 56 sss 0.01 2.50 
Vanadium......... 0.005 1.25 


Residue Treatment 


A 2-liter long-necked round-bottomed flask 
and an electric heating mantle were found most 
satisfactory for evaporation; the condensed 
water vapor continually washed down the sides 
of the vessel, thus minimizing the loss of residue. 
When about 200 cc of water remained in the 
flask, the concentrate was transferred to a 250- 
cc beaker and evaporated to dryness on a hot 
plate at low heat to prevent spattering. A 
powerstat variable heat regulator was used so 
that the rate of evaporation could be carefully 
controlled. In this way it was possible to put 
the operation on a 24-hour basis. 

The residues were removed from the 250-cc 
beakers with an aluminum spatula. A residue 
recovery of 100 per cent was not obtained 
through this procedure although the loss was 
small. Since the method is based on the per cent 
of each metal in the residue rather than absolute 
parts per million in the water, 100 per cent re- 
covery was not considered essential. 

The recovered residues were prepared for 
spectrographic analysis first by ashing to re- 
move any organic matter. A portion of the 
ashed sample was then carefully mixed with 
carbon, using one part of sample to two parts of 
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TECHNIQUE OF WATER TESTING 


spectrographically pure graphite powder. The 
graphite enhances the burning of the sample in 
the arc. All weighing was performed with a 
chainomatic balance accurate to the nearest 
one-tenth of a milligram. Five and 10-milligram 
samples were used in all determinations. 


TABLE 2.—SYNTHETIC RESIDUE APPROXIMATING 
MAINE LAKE WATER 
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the standard value to which it most closely cor- 
responded. 

The range of each standard step is given in 
Table 3. This is a semiquantitative method in 


TABLE 3.—STANDARD STEPS IN THE 
EVALUATION OF SPECTRAL-LINE 
INTENSITY 


Standard steps 


Ranges of standard steps 


| 
Substances | Weight per cent (weight per cent) | (weight per cent) 
CaCO; | 50 0.0001 0.00025 and less 
CaSO,-2H,O 15 0.0005 | 0.00025 to 0.00075 
SiO, | 13 0.001 0.00075 to 0.0025 
MgCO; | 10 0.005 0.0025 to 0.0075 
NaCl | 10 0.01 0.0075 to 0.025 
Al,O3 | 1 0.05 0.025 to 0.075 
Fe,03 | 1 0.1 0.075 to 0.25 

| = 0.5 0.25 to 0.75 

100 1.0 0.75 and greater 


The spectrograph used for the determinations 
was an Applied Research Laboratories 1.5- 
meter grating instrument. Samples were arced 
to completion at 10 amperes DC in high purity 
platform-type electrodes. The time of burning 
was approximately 90 seconds. Eastman Kodak 
Spectrum Analysis No. 1 Film was used. This 
was developed at 20° C. in D-19 developer for 
3 minutes. 


Evaluation of the Analyses 


Semiquantitative evaluation of the metal 
percentages in the lake-water residue employed 
an external standard. First, a synthetic chem- 
ical mixture approximating a lake base was used 
as a matrix to which known amounts of pure 
metal oxides were added. This matrix was pre- 
pared to simulate as closely as possible the aver- 
age composition (other than trace elements) of 
the total solids of Maine lake water, consisting 
of 98-99 per cent calcium, magnesium, silicon, 
sodium, and aluminum salts (Table 2). 

For evaluation of the unknowns, nine stand- 
ards were prepared for each element under 
study by adding precisely weighed amounts of 
metal oxides to the lake-base matrix. The fol- 
lowing weight percentages for each element 
relative to matrix were mixed: 0.0001, 0.0005, 
0.001, 0.005, 0.01, 0.05, 0.1, 0.5, and 1.0. 

By visual comparison on the densitometer 
viewing screen the spectral-line intensity of a 
given trace of an unknown could be assigned 


which the error of absolute quantitative evalua- 
tion of a line may be considerable. However, 
this would not seem to invalidate the interpre- 
tations, since the concentrations designated as 
significantly high are decidedly greater than 
the background values. 

Study of the spectral lines is subject to inter- 
pretation; hence to make the evaluations as ob- 
jective as possible, a consistent procedure was 
followed. The author evaluated all the lines 
with many samples studied during the same 
sitting and with frequent reference to previous 
appraisals. 


Protection Against Contamination 


Extreme care was exercised throughout the 
procedure to prevent contamination. Satisfac- 
tory reproducibility of analyses of City of New 
York tap water is taken to indicate that con- 
tamination was at a minimum in the technique 
used. Pyrex glassware was thoroughly cleaned 
by scrub brush and detergent and rinsed with 
hot hydrochloric acid and distilled water before 
each use. Highest purity carbon graphite pow- 
der and electrodes were used throughout. The 
aluminum spatula used to recover the residue 
from the 250-cc beaker was found to be non- 
contaminating by spectrographically analyzing 
filings. 

An experiment was set up to determine 
whether storage of water samples in polyethy- 
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Mere 4E 


writer detected 1.25 part per billion for zinc, The 
The percentage values used here are percentages plane, . 
of recovered residues and not of the total  collecte 


lene bottles was contaminating. Four 2-liter 
New York tap-water samples were collected 
from a tap in the laboratory and placed in poly- 


TABLE 4.—SPECTROGRAPHIC ANALYSES OF City oF NEW York TAP WATER STORED IN 
POLYETHYLENE BOTTLES 


(Weight percentage of evaporated water residue) 


| ai 
| Pb | Sn | 


Ag | Zn | Ti | Z Ni Vv 
| | 5 | 0.0001 | 0.0005 | 0.005 
0.005 | 0 | 0.001 | 5 | 0.0001 | 0.0005 
0.005 | 0 | 0.005 | 5 | 0.0001 | 
0.01 | 0 | 0.001 | 5 | 0.0001 | 
| | | | 


Cr |Mo| Cu | 


Sample | Mn 


0.05 | 0.01 0 0.005 | 
0.01 
0.01 


0.05 | 


“0.01” | 0.005 
“0.01” | 0.005 | 0.001 
“0.01” | 0.005 | 0.001 
“0.01” | 0.005 | 0.001 


0.001 


oo 
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ethylene bottles. Sample 1 was evaporated 
immediately, sample 2 after 2 months’ storage, 
sample 3 after 3 months, and sample 4 after 4 
months. The spectrographic analyses of the 
four are listed in Table 4. 

The metal percentages in each of the four 
samples in Table 4 are in reasonable agreement. 
The values are identical for nine elements. The 
variation for manganese, lead, and chromium 
is only one “standard” step. On this basis, con- 
tamination of water samples stored in poly- 
ethylene bottles is negligible. However, zinc 
values here and throughout this paper are in 
quotes because of the known erratic behavior of 
zinc and its susceptibility to contamination. 
Warren and Delavault (Personal communica- 
tion) found that they could not use polyethylene 
bottles with any confidence for zinc work be- 
cause of contamination easily detected with 
dithizone. 


Sensitivity of the Method 


The thresholds of spectrographic sensitivities 
obtained in this study are listed in Table 5 with 
corresponding strong lines used in the evalua- 
tion of each element. 

The sensitivity of the present method for 
detecting the elements under study exceeds, 
except for one case where it nearly equals, that 
attained by previously applied water-pros- 
pecting methods. Huff (1948) states that 0.01 
part per million lead or copper can be detected 
in water, whereas the present method detects 
0.13 part per billion lead and 0.03 copper. 
Warren and Delavault (1953) by applying an 
emulsion technique to Huff’s dithizone method 
were able to detect 1 part per billion of both 
copper and zinc. By the present method, the 


TABLE 5.—SPECTROGRAPHIC SENSITIVITY 
OF THE ELEMENTS DETECTED 
Values are given in weight per cent of evapo- 
rated residue and parts per billion, based on an 
average of 50 mg of evaporated residue from a 2- 
liter sample of water. 





Sensitivity | 
le Se —j} Strong line 
Element Weight | Path on | (wave length) 
| percent | billion 
Manganese.....| 0.001 | 0.25 | 2576.104 
Bs idisvese' | 0.0005} 0.13 | 2833.069 
eee | 0.0001 | 0.03 | 2839.989 
Molybdenum...| 0.0005 | 0.13 | 3170. 347 
Copper..... 0.0001 | 0.03 | 3247 .540 
BiG ss. “0.005” | “1.25” | 3282.333 
Silver..... 0.0001 | 0.03 | 3280.683 | 
Titanium.... 0.0001 | 0.03 3372.800 | 
Nickel. <i 0.0001 | 0.03 3414.765 
Zirconium. ... 0.001 0.25 3391 .975 
Vanadium. . 0.0005 | 0.13 4379 .238 
Chromium. 0.0001 | 0.03 2843.252 | 


4254.346 


volume of water, as is often quoted in the } 
literature. The method attains this high 
sensitivity because it is an analysis of water 
residue instead of plain water as tested in most | 
other methods. 


APPLICATION OF TRACE-ELEMENT TESTING | 
IN MAINE 
From lakes interspersed throughout the 


region 439 water samples were collected during 
a 3-year program from the spring of 1952 until 
the spring of 1955. 
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APPLICATION OF TRACE-ELEMENT TESTING IN MAINE 


The sample locations were reached by sea- 


entages_ plane, jeep, canoe, and on foot. Samples were 
e total’ collected in liter-sized polyethylene bottles. 
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possible mineralization because they contained 
lakes that showed spectrographic highs of one 
or more of the elements under study. As 


ANOMALIES ARE CLUSTERS 


SPECTROGRAPHIC OF LAKES ANALY ZING 


ANOMALIES THE FOLLOWING % OF 
EVAPORATED WATER RESIDUE 
Zirconium ------ 005 % or greater 
th Manganese eeecccce 0.05% or greater 


Titanium 0.05 % or grecter 


o©0000000 


Tin amu  OOOI% or greater 





Scale in Miles 


° © 20 


FIGURE 1.—SPECTROGRAPHIC ANOMALIES FOR ZIRCONIUM, MANGANESE, TITANIUM, AND TIN 
gr—biotite granite, Carboniferous, Devonian; rh—rhyolite, Devonian; ti—rhyolite breccia, tuff, slate, 
Devonian; md—diabase altered to epidote-chlorite schist, Silurian, Devonian; s—Paleozoic sandstones, 
| shales, conglomerates, minor limestones, quartzites, and slates; pC—Precambrian banded mica gneiss and 
schist, cut by much pegmatite, includes some schistose granites 


Where one sample was taken per lake, which 
was the general case, the collection was from 
the surface near the center. 

When the plan for prospecting Maine by 
water was formulated in the spring of 1952, 100 
samples were collected from lakes widely 
separated over the entire area of interest. The 
analyses of these 100 lake samples suggested 
that certain areas were more favorable for 


sampling of 100 lakes seemed inadequate even 
for a reconnaissance coverage of an area of this 
size, 339 additional samples, 1 from each lake, 
were collected during the next 2 years. The 
scope of the program included samples from 
most of the larger lakes of the region, so that 
the various localities and geologic environments 
were thought to be represented. 

Samples collected over a 3-year span might 
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not give a true picture because of seasonal or 
yearly fluctuation of trace-element concentra- 
tion due to variations in rainfall and erosion 


seasonal salinity variations were evident, the 
writer believes that they do not affect the 
results, since the method is based on metal per 
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See Figure 1 for explanation of symbols thoug 
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ANOMALIES ARE CLUSTERS 


SPECTROGRAPHIC OF LAKES ANALYZING 


ANOMALIES THE FOLLOWING % OF 
EVAPORATED WATER RESIDUE 
Nickel ----- 0.005% or greater 
Chromium eeeeeee 0.05% or greater 
Vanadium occcccce QO05% or greater 


Molybdenum win OOO0O05% or greater 





Scale in Miles 
————, 
° Le) 20 


FiGuRE 3.—SPECTROGRAPHIC ANOMALIES FOR NICKEL, CHROMIUM, VANADIUM, AND MOLYBDENUM 
See Figure 1 for explanation of symbols 


to which a single sample might be representa- 
tive of the lake as a whole. Lakes chosen were 
thought to represent the major types of geo- 
logic environment in Maine. 

Each lake was sampled systematically in 
breadth and to a limited extent in depth. 
Streams emptying into the lakes were sampled 
above the lake margin and near the mouth 
within the lake. 

The conclusion was that, in general, varia- 
tions are not great laterally or with depth for 
any one element in the lakes proper. The gen- 
eral consistency of the individual elements 


within these three lakes suggests the recon- 
naissance use of the results of the analysis even 
of a single sample as representative of a lake as 
a whole. This in turn reflects the general 
average of the trace-element concentrations of 
the surrounding terrain. 


TRACE-ELEMENT DISTRIBUTION 


The trace-element distributions are pre- 
sented in Figures 1, 2, and 3. Figure 1 shows 
anomalies for zirconium, manganese, titanium, 
and tin; Figure 2 for copper, lead, silver, and 
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} 
zinc; and Figure 3 for nickel, chromium, vana- counties. A more refined study of three lake} by direc 
dium, and molybdenum. The generalized has established a reasonably consistent pattern| quantiti¢ 
geology after Keith (1933) is shown in Figure 1. These features indicate that the effects of many| two 8!V¢ 
Spectrographic anomalies are defined as factors, such as differential erosional rates| tion, the 
groupings or clusters of lakes showing values glacial cover, and variations in rainfall anjjdump ¢ 
consequ 
TABLE 6.—ELEMENTAL FREQUENCIES methods 
5 ‘ See ete monies . | concentr 
, | | | | | | | | | | | this vari 

Pn ceca | Cu | Pb | Ag | Zn | Sn | Ti | Zr | Mn | Ni | Cr | V | Mo 

| | | | | | | 

| eee Sa ine! eres ¢ ~ | Braidech 
1.0 Low” | ee a tae eee ae Pre 
0.5 | 25] 4] aN | | | 4] chet 
0.1 ETM: Pat” | ob setae ae ie 
0.05 | 249 | 58} 1] 87] 11 66 | 74| 102; 2| 3) 1 BSE on 
0.01 80} 71| 8|172| 1] 140] 142/149] 8] 4] 5 | ~~ Mai 
0.05 | 3/137 15) 158| 15] 179) s9| 105) 72| 49| 58| 16 U. 
0.001 | |131} 76] | 38] 46} 124 . 191 | 149 | 152) 35 Hawkes 
0.0005 | 18 | coal ee 1 | 12 | 24 pe 
0.0001 Ee ees cee ee ee Wil 
0.0000 | | | | | 336 | | | | | | 212 | 366 { Hedstré 
é Oe V ne Pee ee ee ee me Le AB ai ing: 
_tor 
decidedly greater than the background, or runoff, do not too seriously influence the! -, 
general average, of all lakes tested for any given spectrographic concentration values obtained 684 
element. for each lake. — 2 


’ 


These “high values” show a marked devia- 
tion from background. The frequencies of 
percentages of concentrations for each element 
throughout the region show a similar pattern 
for all elements, although actual values differ. 
Each element must be considered individually, 
and spectrographic highs can be determined 
only from a study of the frequencies of concen- 
trations of each. This determination is based 
on the analysis of 439 samples, which are single 
samples from lakes interspersed over the five 
counties studied. The elemental frequencies for 
the 439 water samples which were used to pre- 
pare the anomaly maps are presented in 
Table 6. 


RELIABILITY OF THE METHOD 


On the basis of the interpretation of the 
spectrographic data, the writer believes that 
the method may be used with a fair measure of 
reliability to indicate a number of localities of 
greater than normal trace-element concentra- 
tions. Correlation of spectrographic anomalies 
with such broad-scale geologic data as have 
been published indicates possible highs of 
certain elements along igneous contacts (Figs. 
1, 2, 3). Several anomalies have been noted 
close to localities of known mineralization such 
as molybdenum in Hancock and Washington 


The State of Maine has been subjected to of | 
extensive glaciation (Perkins, 1934-1935) a Keith, 
sulting in glacial deposits of little known M: 
thickness and extent. They are widespread, | MacMi 
and their effect upon an exploration method 
such as the one being developed here would be 
difficult to measure. However, the effects of 
these unknown influences do not appear to be 
appreciable because of the correlation of 
anomalies with geology and with known 
localities of mineralization. 

The use of weight-per-cent values of metals 
in the recovered residue instead of absolute 
metal content in the water furnishes the high 
sensitivity applicable and provides data which 
are not believed to be affected by rates of 
erosion and changes in amounts of rainfall 
and runoff. The study suggests that each lake 
is an indicator to a certain extent of the average 
trace-element concentration of the rocks in the 
surrounding area. Extremely local influences, 
which might be due to glacial debris or insignifi- 
cant stringers of mineralization, probably | 
would not be discernible. Each lake integrates 
these local factors, giving an average value for a | 
considerable area. The results may then be | 
used as indicators in a reconnaissance method | 
when applied on a regional basis. 

Different rates of erosion may yield anomalies 





ee lake| by direct methods that analyze for absolute 
pattern| quantities of metal per volume. For example, in 
of many| two given areas of nearly equal metal concentra- 
1 rates| tion, the one being weathered most rapidly will 
fall ani dump the greater load into the drainage; 
consequently, it will reflect a high, by direct 
methods. Analysis for weight per cent of metal 
_|concentration in the residue largely eliminates 
| this variable. 
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GEOLOGY OF THE WABUSH LAKE AREA, SOUTHWESTERN LABRADOR 
AND EASTERN QUEBEC, CANADA 


By Gorpon Gastit AND Davip M. KNOWLES 


ABSTRACT 


Wabush Lake, Labrador, is situated a few miles from where the unmetamorphosed 
younger Precambrian strata of the northwest-trending Laborador geosyncline are trun- 
cated by the southwest-trending structures of the Grenville orogenic province. Field 
mapping and lithologic comparisons show that the metasedimentary rocks exposed within 
this portion of the Grenville province can be correlated with the unmetamorphosed 
strata of the Labrador geosyncline. 

The distinctive stratigraphic units of the Wabush Lake area are quartzite, marble, 
muscovite and kyanite schists, and iron formation of carbonate, silicate, and oxide facies. 
The principal ores of the iron formation are martite-magnetite quartz rock and specular 
j hematite- quartz rock. Facies of regional metamorphism range from epidote amphibolite 
near the postulated “Grenville front” to granulite and migmatite farther south. 

Superimposed folding throughout the area can be explained as the impression of Gren- 
ville province deformation upon earlier structures of the Labrador geosyncline. 
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west of Wabush Lake was investigated by The 

Wabush Lake is situated in southwestern United Dominion Exploration Company Ltd. 
Labrador, a region of many lakes and swamps, _in the late 1940’s. The Labrador Mining and 
mantled with glacial drift and forested with Exploration Company and the Iron Ore 
spruce, balsam, and birch. In this area the Company of Canada have been active in the 
sedimentary strata of the Labrador geosyncline area for the past decade. Mapping begun by 
pass into the metasedimentary rocks of the the Newfoundland and Labrador Corporation 
Grenville orogenic province. in 1953 has been continued by Canadian 
The first geologic mapping of the area was Javelin Ltd. Geologists of Quebec Cartier 
done in the early 1930’s by Gill, Bannerman, Mining Company Ltd., Jones and Laughlin 
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Steel Corporation, Quebec Cobalt and Explora- 
tion Ltd., Belleschase Mining Corporation, and 
other companies have been active during the 
same period in adjoining eastern Quebec. 

No one individual or company has had the 
opportunity to study the entire southwest 
Labrador-Quebec “iron belt,” and the geologic 
maps of the various companies have not been 
released for publication. Regrettably, therefore, 
the map accompanying this report lacks much 
of the detailed information that has been 
gathered. Despite the lack of a complete 
geologic map, the concepts and conclusions 
here presented have had the benefit of energetic 
discussion among many of the geologists 
familiar with the area. It is our hope that this 
paper will encourage others to publish their 
knowledge. 

The authors emphasize that the field work 
has been the joint accomplishment of several 
field parties. Especial credit is given to Mr. 
George Roberts, Mr. William Blakeman, Dr. 
Lionel Weiss, Dr. Joseph Dobell, and Professor 
Loyal Bacon, all of whom were employed by 
Canadian Javelin Ltd. Our appreciation is also 
extended to Drs. Stanley Duffell and Gordon 
Gross of the Canadian Geological Survey, Mr. 
Ralph Mathieson and Dr. Cyril Dufresne of the 
Iron Ore Company of Canada, W. P. Boyko and 
D. H. Magnusson of the Newfoundland and 
Labrador Corporation, and Dr. Garth Jackson, 
recently a graduate student at McGill Univer- 
sity. Especial credit is due the management of 
Canadian Javelin Ltd. for having consistently 
encouraged the scientific interests of its geolo- 
gists and for releasing geologic information for 
publication. 

Thanks are due the Department of Geology, 
University of California at Los Angeles, and 
Mrs. Opal Kurtz for the final drafting of the 
map and illustrations. 


GENERAL GEOLOGIC FRAMEWORK 


The rocks of the Wabash region can be sub- 
divided into three parts: (1) Uniformly grani- 
toid gneiss extends over large areas, particu- 
larly west of the Labrador geosyncline. Where 
the unconformable base of the younger Pre- 
cambrian sequence can be distinguished this 
kind of gneiss constitutes the ‘‘basement’’. 
(2) The metasedimentary sequence of marble, 
quartzite, iron formation, and meta-argillite 
constitutes the younger Precambrian rocks 
which Bergeron (1957b) has assigned to the 
“Labrador geosyncline”. They are older than 
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the Grenville orogeny of around a billion year 
ago and probably younger than the post 
Keewatin orogeny of about 2600 million year 
ago. The sequence appears to have been meta’ 
morphosed at least as early as ~ —1580 m.y 
(Fairbairn, 1958). (3) The more or less meta 
morphosed igneous rocks—gabbro, leucogabbro, 
norite, diabase, and small bodies of acidit 
rocks—intrude both the granitoid gneisses ani 
the younger Precambrian metasedimentary 
sequence. 

All the rocks have been affected by at leas 
two generations of folding: one in which the 
deformation axis trended northwest and the 
other in which the deformation axis trended 
northeast, roughly parallel to the postulated 
“Grenville front.” Since the regional trend oi} 
the Grenville orogenic province truncates the} 
northwest-trending structures of the Labrador} 
province (Fig. 1), the latter deformation 
(northeast-trending) appears to be the younger. 
All the rocks within the Grenville province and 
the eastern portion of the Labrador geosyncline 
north of the Grenville province (Auger, 1954; 
De Rémer, 1956, M.Sc. Thesis, McGill Univ.; 
Bergeron, 1957b) have been regionally meta- 
morphosed. Grade of metamorphism increases 
eastward across the Labrador geosyncline and 
southward across the Grenville orogenic prov- 











ince. In the immediate vicinity of Wabush 

Late the latest metamorphism, deformation, | 
and gabbroic intrusion appear to have been | 
synchronous. Farther east gabbroic intrusions 

appear to be postmetamorphic, whereas farther 

southwest in adjacent Quebec all igneous rocks 

except the pegmatites appear to have undergone 

intense deformation and metamorphism. 


STRATIGRAPHIC SEQUENCE 


From top to bottom the generalized strati- 
graphic sequence of younger Precambrian 
metasedimentary rocks is as follows: 

(1) Aluminous, calcareous, and graphitic 
schists and gneisses, locally rich in pyrite, 
garnet, tourmaline, and kyanite, or epidote, 
actinolite, or hornblende (at least several 
hundred feet in thickness) 

(2) Graphite- and pyrite-bearing iron forma- 


tion grading into carbonate and siliceous iron } 


formation (unknown thickness) 


(3) Hematite iron formation (0-500 feet) , 





(4) Magnetite iron formation (0-200 feet) 

(5) Silicate-carbonate iron formation (0- 
more than 190 feet) 

(6) Muscovite-rich schist (0-50 or more feet) | 

(7) Clean, massive quartzite (0-400 feet) 
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(8) Siliceous, dolomitic marble, and calc- 
silicate granulite (0-several hundred feet). 

Despite general agreement as to the strati- 
graphic sequence geologists have disagreed as 
to which is right side up. Gill, Bannerman, and 
Tolman (1937), G. A. Gross (1955, Ph.D. 
Thesis, Univ. Wis.), Gleeson (1956, M.Sc. 
Thesis, McGill Univ.), and several others in- 
cluding D. M. Knowles (1955, M.Sc. Thesis 
Mich. College of Min. Technology), and 
Knowles and Gastil (ms., Canadian Javelin 
Ltd., 1956), placed the marble and quartzite 
above the iron formation. A study of the 
regional geology, detailed mapping of iron-ore 
deposits with the aid of magnetic and drill data, 
and the interpretation of small folds indicate, 
however, to the geologists of the Iron Ore 
Company of Canada (Ralph Mathieson, 
personal communication) and Canadian Javelin 
Ltd. that the marble and quartzite are strati- 
graphically below the iron formation. 

The authors concur with the geologists of 
the Iron Ore Company of Canada (Dufresne 
and Neal, 1956) in the belief that the unmeta- 
morphosed sedimentary rocks in the western 
parts of the Labrador geosyncline north of the 
Grenville province are stratigraphically equiva- 
lent to the metasediments of the Wabush 
Lake area. These unmetamorphosed rocks lie 
in places with nearly horizontal unconformity 
upon the granitoid basement and can be 
correlated through nearly continuous exposures 
for hundreds of miles along the tectonic and 
depositional strike. At the northern edge of 
the Grenville province the most southerly 
unmetamorphosed rocks are separated from 
their metamorphic equivalents by a gap of 
about 4 miles (Dufresne and Neal, 1956; J. A. 
Retty, personal communication, 1956). 

Table 1 compares the stratigraphic units 
recognized by Harrison (1952) near Knob Lake 
in the unmetamorphosed Labrador geosyncline 
with those of the Wabush Lake area. The two 
type areas are more than 100 miles apart, but 
the units recognized in each have been extended 
by field mapping until they are separated by 
only a few miles. 


DESCRIPTION OF Rock UNits 
Undifferentiated Quartzo-Feldspathic Gneisses 


North of the Grenville province along the 
western edge of the Labrador geosyncline 
where “younger Precambrian’’ strata are 
unmetamorphosed, gneiss signifies ‘basement 
rock”. Farther east in the Labrador meta- 
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morphic province and to the south in  th¢ granito 
Grenville province, some younger sedimentary ber of 
and igneous rocks of amenable composition beneat! 
have been metamorphosed to granitoid gneiss 
Eastward and southward from Wabush Lak/ i i 
the metasedimentary rocks pass into a terrane 

of migmatized rocks where it is difficult to} Knob L 
distinguish which, if any, of the gneisses repre. 

sents a rock predating the younger Precambrian’ Menihe 
sequence. Gneisses from a few miles southwest) Calca 
of Wabush Lake, described as ‘basement sla 
rock,” have yielded metamorphic mica ages: 

ranging from —1120 m. y. to —1580 m. y,|-—----~ 
(Hurley, 1958b). In the same general region} 

mica from pegmatites that cut all the Pre- Sokomé 





cambrian formations have yielded dates of) lean’ 
—1000 m. y. to —1200 m. y. The fact is that} chert 
“basement gneiss” and younger Precambrian} chert 
gneiss are difficult to distinguish south of the, band 
Grenville front. silica 


The gneisses can be grouped into four descrip- 

tive categories: (1) Areas of coarse, pink, feld- 
spathic gneiss, rich in orthoclase, generally poor Ruth f 
in mafic minerals, and containing garnet, ferru 
muscovite, magnetite, and sillimanite, are 
extensive north and east of Ashuanipi Lake, 
and they may be continuous with gneisses 
occurring farther north along the Ashuanipi 
River where the name Ashuanipi gneiss has 
been applied (Harrison, 1952) to rock demon- 
strably underlying the younger Precambrian 
Labrador geosyncline sequence. (2) White, 
granitoid gneiss containing variable amounts of 
biotite, some muscovite, garnet, and hornblende 
crops out extensively in the Wabush Lake 
region west of the Ashuanipi gneiss. East of 
Wabush Lake (Pl. 1, Loc. 14), and east of 
Duley Lake (Loc. 7) this type of gneiss is over- 
lain by the Duley marble and must, therefore, | La Po 
be either a younger Precambrian stratigraphic | _ biot 
unit beneath the Duley marble or part of the g 
basement. (3) This is a medium- to fine-grained 
quartzo-feldspathic biotite gneiss containing 
variable amounts of hornblende, garnet, and 
muscovite. (4) In this category are coarse 
quartzo-feldspathic muscovite gneiss and schist 
containing biotite, kyanite, garnet, graphite, Duyle 
tourmaline, magnetite, and pyrite. Gneisses (1) jndic. 
and (2) are considered “basement rock”, (3) ap- | disco 
pears in both the basement and younger! gneis 
Precambrian terranes, and (4) is a meta-} “yoy 
sedimentary rock of the younger Precambrian | part 
sequence. 
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DESCRIPTION OF ROCK UNITS 


granitoid “basement rock”’ is considered a mem- 
ber of the younger Precambrian sequence 
beneath the Duley marble. In the Wapussaka- 


TABLE 1.—STRATIGRAPHIC CORRELATION BETWEEN KNOB LAKE AND WABUSH LAKE AREAS 
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Duley series. Its type locality is south and 
southeast of Duley Lake. It consists of granular 
white dolomite and/or calcite with variable 





Knob Lake Area (after Harrison, 1952) 


Menihek formation: 
Calcareous, carbonaceous, graphitic and pyritic 
slate, dolomite, poorly sorted clastic sediments 


Sokoman formation: 
lean cherty members 
cherty iron-carbonate member 
cherty metallic member 
banded jasper members 
silicate carbonate member 


Ruth formation: 
ferruginous slate, some chert interbeds 


Wishart formation: 
quartzite, cherty at top, calcareous at base 


Denault dolomite: 
quartzose dolomite and limestone 





La Porte and Ashuanipi gneisses: 
biotite-hornblende schist, and biotite-hornblende- 
garnet granitoid gneiss respectively 





too Mountains a meta-argillite is considered to 
be the first unit overlying the basement 
(Ralph Mathieson, personal communication). 
At Localities 4 and 14 (Pl. 1), however, the 
Duley marble rests directly on granitoid rocks, 
indicating that the basal meta-argillite is 
discontinuous. Some of the biotite schists and 
gneisses considered by others to be basal 
“younger Precambrian” are here considered 
part of the basement terrane. 


Duley Marble 


The Duley marble is part of what Gill, 
Bannerman, and Tolman (1937) called the 





Wabush Lake Area 





Mica-kyanite rock: 
contains graphite, pyrite, is associated with 
amphibolites of metasedimentary origin 


Wabush Lake iron formation: 
upper lean metachert 
iron-carbonate member 
specular hematite members 
magnetite member 
silicate-carbonate member 
lower lean metachert member 


Muscovite rock: 
mica schists, iron carbonate, chert 


Wapussakatoo quartzite: 
massive, believed to grade laterally as well as 
vertically into Duley marble 


Duley marble: 
metamorphosed magnesian limestone, dolomite, 
chert 
mica schist 


parnneniinsisi title UNCONFORMITY------------————-——-—-—__—---—---—---—- 


Ashuanipi gneiss and schist: 
quartzo-feldspathic biotite-hornblende-garnet 
gneiss, and coarse biotite schist, respectively 


amounts of quartz, mica, colorless diopside, 
and tremolite. The tremolite is massive to 
fibrous and is generally colorless. The carbonate 
grains are commonly an eighth of an inch 
across, and the tremolite crystals are several 
inches to a foot in length. Much of the rock 
contains bands of quartz and calcium silicate. 
Exposures are characteristically cliff-form and 
covered with black lichen. 


Wapussakatoo Quartzite 


Named for its type locality, the Wapussaka- 
too Mountains, this is part of what Gill, 
Bannerman, and Tolman (1937) called the 
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Wapussakatoo series. The rock is almost 
entirely glassy quartz, with only a very few 
micaceous, garnetiferous, and feldspathic lam- 
inations. Most of it is coarsely crystalline; 
the average crystal size exceeds an eighth of an 
inch in many localities. It is massive, resistant 
to deformation, and is, with some notable 
exceptions, exposed as ridges of bare, white 
rock. The measurement of stratal inclinations 
is made possible by a faint color lamination and 
bedding joints. 


Muscovite Unit 


Although generally no more than 50 feet in 
thickness this unit is a persistent and distinctive 
marker. It consists of fine-grained feldspathic 
muscovite gneiss, muscovite and biotite schist, 
metachert laminated schist, and arenaceous 
ankerite rock. The lithology changes rapidly 
both across and along strike. Because of a 
persistent, unusually high mica content expo- 
sures are rare. The best outcrops are west of 
Duley Lake (PI. 1, Loc. 6) and in the Wapussa- 
katoo Mountains north of Canning Lake (Loc. 
8). Numerous drill holes have penetrated the 
unit at the Wabash Lake and Julienne Lake 
iron deposits. 


Wabush Lake Iron Formation 


The Wabush Lake iron formation includes 
all iron formation (as defined by James, 1954) 
between Sawbill Lake and the Manicougan 
River. It can probably be correlated with meta- 
morphosed iron formation as far west as the 
Matonipi Lake area. The thickness varies both 
along and across the depositional strike. The 
thickest known sequence is at the southern 
end of Wabush Lake where the formation is at 
least 500 feet thick without fold repetition or 
tectonic thickening. Over large areas of nearby 
Quebec the formation is less than 100 feet 
thick. 

The presence of distinct mineralogic facies 
and subfacies within the iron formation was 
established by detailed mapping and drilling 
of the Wabush Lake deposit (Knowles, 1955, 
M.Sc. Thesis, Mich. College Min. Technology; 
Knowles and Gastil, 1959). Regional mapping 
has shown that these facies have a definite 
and ordered areal distribution which un- 
questionably represents original composi- 
tional differences reflecting differences in depo- 
sitional environment (Figs. 2, 4). Iron-oxide, 
iron-silicate, and iron-carbonate minerals, 
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constitute the distinguishing facies end mem equiva 
bers. Iron sulfide is abundant locally, but jt:north 
presence does not constitute a significang 1952; 
subdivision of the formation. 1 1954, 
The oxide facies predominates in the westeri) 
portion of the presumed depositional area. Al 
some points west of the map area and a 
Julienne Lake (Pl. 1, Locs. 17 and 18) j 
constitutes the entire formation. The un 
weathered oxide-facies rock consists of quartz 
specular hematite, and magnetite in all propor! 
tions. It commonly contains 30-40 per cenj; 
iron and from a trace to 2.5 per cent manganes. 
by weight. Edenite and calcite are common} 
accessory minerals. In localities such as the} 
Wabush and Julienne Lake deposits much 01} 
most of the magnetite has been replaced by} 
martite and hydrous and hydrated iron oxides, 
Specular hematite is the predominant oxide in 
the northwest, magnetite in the southeast. In 
localities such as Simone Lake (Pl. 1, Loc. 4) 
the oxide is exclusively magnetite. Southeast- 
ward the magnetite subfacies becomes sub- 
ordinate to magnetite-silicate facies, and along 
the eastern edge of the formation’s known 
extent nearly all iron is in the form of silicate 
or carbonate (Pegma Lake, south of map area, 
Gleeson, 1956, M.Sc. Thesis, McGill Univ.; 
south end of Carheil Lake; Moosehead Lake, Di 
Loc. 15). of sec 
In addition to silica, iron, manganese, and 
water, the silicate and carbonate facies contain 
varying amounts of magnesium, calcium, so- 
dium, potassium, and aluminum. Thirty-eight 
mineral species, exclusive of iron, manganese, 1957 
and silicon oxides have been identified optically. | Hut 
Typical mineral assemblages of the silicate, | (195 
carbonate, and mixed silicate-carbonate facies | °™ 
are: magnetite-grunerite, magnetite-hyper- | #V4 
sthene, magnetite-actinolite, and magnetite- of 1 
diopside, each with or without quartz and/or | 80! 
iron-bearing carbonate. Iron formation with | Sho 
appreciable iron carbonate generally contains a | 20°F 
small amount of some mineral of the biotite 
family. Sodic, aluminous, and other amphiboles 
and pyroxenes, spessartite and grossularite 
garnet, sillimanite, epidote, plagioclase, chlo- I 
rites, and talc are the additional mineral | exp 
species. | ind 
The authors believe that the calcium-magne- | str: 
sium iron silicates were derived from iron ; Th 
carbonates and silica, whereas the magnesium- | an 
iron silicates descended from primary sedimen- | tot 
tary silicate minerals of similar composition. | SP% 
This conclusion is based upon a comparison | for 
with what are believed to be stratigraphically “4 
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end memequivalent unmetamorphosed rocks farther coarsely crystalline equivalent of the above 
lly, but jgnorth in the Labrador geosyncline (Harrison, fine-grained meta-argillite. Epidote and carbo- 
significan( 1952; Dufresne and Neal, 1956; Bergeron, nate-bearing amphibolites, and hornblende 
1954, Ph.D. Thesis, Laval Univ.) and with gneisses, probably derived from dolomite and 
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1 Univ.; FIGURE 2.—IRON FORMATION AND QUARTZITE-MARBiE FACIES SECTION 


ad Lake, Diagrammatic section across the Wabush Lake area from northwest to southeast showing the distribution 
of sedimentary facies in the iron formation and underlying strata. 


ese, and 

pein: metamorphosed and unmetamorphosed iron calcareous shales, are found near Shabogamo 
ium, so- formations throughout the world (Borchert, Lake (Loc. 19) and east of Wabush Lake (Loc. 
ty-eight 1953; James, 1954; 1950; White, 1954; Guild, 12). The stratigraphic position of these calcium- 
nganese, | 1957). In accord with the above authors, with rich rocks has not been definitely determined, 
ptically. | Huber and Garrels (1953), and with Eugster but their association with the graphitic schists 


silicate, | (1957), the authors believe the environmental suggests that they too lie above the iron 
te facies; compositional control was largely oxygen formation. 

e-hyper- availability, which can be expressed in terms 

gnetite- | of nearshore-offshore or shallow—deep water Facies Distribution in the Y pram a 
and/or | geometry. From this consideration thie ‘acies Distribution in the Younger Precambrian 


R sane Sequence 
yn with | shoalward or shoreward direction was to the sini 


ntai | northwest. s ; P 
ree: éé Figures 2, 3, and 4 show in section and map 
biotite tiew the spatial relations between the several 
hiboles ; : view the spatia re ations etween the severa 
: Rocks Overlying the Iron Formation formations and facies of the younger Pre- 
sularit ar . f NBN ee 
wien cambrian sequence of the Wabush Lake area. 
*, chlo- Drill holes in the Wabush Lake deposit and Figures 2 and 3 show that the quartzite is 


mineral | exposures west of the Wapussakatoo Mountains __ restricted to the northwestern portion of the 
| indicate that a fine-grained meta-argillite area and the marble to the southeastern. In 
magne-  stratigraphically overlies the iron formation. the narrow belt where both are present the 
n iron; This rock is locally calcareous, carbonaceous, quartzite overlies the marble. Figures 2 and 4 
esium- | and pyritic. The coarse-grained kyanite and show the northwest-southeast variation from 


dimen- | tourmaline-bearing, graphitic, quartzo-feld- predominantly specular hematite-magnetite 
sition. | spathic, two-mica, garnet schist and gneiss iron formation to magnetite, magnetite-silicate, 
yarison | found in the region southeast from Wabush and silicate-carbonate facies of iron formation. 


hically Lake (for example, Loc. 12) is interpreted asa An interesting feature is the correspondence 
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between the marble—quartzite boundary zone 
and the specular hematite-magnetite-silicate 
boundary zone. 
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FicurE 3.—QUARTZITE-MARBLE Facies Map 


Showing areal distribution of Wapussakatoo quartzite and Duley marble facies in the Wabush 


area. 
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FicurE 4.—IRoN-FoRMATION Facies 


Showing areal distribution of predominant iron-formation facies in the Wabush Lake area 


Intrusive Rocks 


Gabbro, norite, leucogabbro, diabase, diorite, 
and small bodies of acidic rock intruded the 
area during and following the deposition of the 
“younger Precambrian” sedimentary sequence. 
The extrusive basaltic rocks found farther north 
in the Labrador geosyncline (Sauve, 1953, 
M.S. Thesis, Queen’s Univ.), associated with 
similar basic intrusive rocks, have not been 
recognized by the authors but may be repre- 
sented among the undifferentiated gneisses. 

The large gabbroic bodies (Pl. 1) are sill-like 
even where enclosed in nonstratified gneiss of 
the basement terrane. These bodies tend to be 
more finely crystalline near their contacts. 
Small dikes, apparently from the same magma, 


are diabasic in texture. Coarsely crystalline 














granite pegmatites are associated with the morphi 
contacts of these gabbroic bodies and in some periphe 
localities are almost certainly satellitic. rock co 
feet, al 
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morphi 
immedi 
H reactiol 
| | from th 
| | West 
Canning | 4and § 
LU morph¢ 
4p found. 
Si. | gous tc 
convert 
gneiss 
the adj 
Lake 
The 
____ ; eastern 
HM Cnartion 10 20} metam 
\SPECULAR my Tr are shag 
|| HEMATITE -|///|)|| Labrac 
NETITE front” 
l Lake | 
isograc 
| the Oss 
geosyn 
Precan 
or unn 
or un 
unconf 
| of the 
Map meta 
cambri 
to gr 
The metamorphism of basic intrusive rocks Pi. 
in Labrador and Quebec has been investigated Vieinit 
by Sauve (1956, Ph.D. Thesis, Johns Hopkins feat 
Univ.), Goodwin (1951, M.A. Thesis, Univ. Secale ; 
Wis.), and Gross (1955, Ph.D. Thesis, Univ. | itaaeatl 
Wis.). Bodies of essentially unmetamorphosed progre 
and unfoliated gabbroic rock (with crystals of nastics 
primary calcium plagioclase, olivine, and pyrox- person 
ene preserved) pass gradationally, in some (1951 
places within a few feet, to a distinctly foliated duane 
garnet-hornblende gneiss, or hornblende-biotite | seater 
schist. Gross shows by chemical comparison that en 
metamorphism in the Mount Wright area (west- phosec 
ern edge of Pl. 1) was isochemical. Some rocks of } cae 
the Wabush Lake area, however, appear (from tian 
optical examination) to have been enriched in} eae 6 
water, phosphorus, silicon, and potassium in Sauiden 
their metamorphosed portions. The meta- 


ith the 
n some 








h Lake 


nm 
° 





rocks 
igated 


morphism of the basic rocks is generally 
peripheral, extending inward from the host- 
rock contact a distance of inches to hundreds of 
feet, and in some places affecting the entire 
| body. The authors believe that contact meta- 
morphism of the intrusive rocks occurred 
immediately following their intrusion by 
reaction with volatile constituents escaping 
| from the magma. 

| West of the Pekans River (indicated on Fig. 
4and 5) in adjacent Quebec regionally unmeta- 
morphosed basic igneous rocks have not been 
' found. Large sill-like bodies apparently analo- 
| gous to those of the Wabush area have been 
converted to homogeneous hornblende-garnet 
gneiss bearing the same regional lineation as 
the adjacent host rocks. 








METAMORPHISM 


The younger Precambrian rocks of the 
eastern Canadian Shield are divided into two 
metamorphic provinces. From Lake Huron to 
the Ossokomanuan Lakes area of southwestern 
Labrador they are separated by the “Grenville 
front” which passes just north of Wabush 
Lake and is partially defined by a biotite 
isograd. This isograd extends northward from 
the Ossokomanuan Lakes through the Labrador 


| geosyncline to Ungava Bay. West of it younger 


Precambrian strata are weakly metamorphosed 
or unmetamorphosed and moderately deformed 
or undeformed; they lie with observable 
unconformity upon older gneissoid rocks. East 
| of the isograd, in the Grenville and Labrador 
| metamorphic provinces, the younger Pre- 
cambrian rocks belong to epidote amphibolite 
to granulite and migmatite metamorphic 
facies. 
Immediately north of Wabush Lake, in the 
vicinity of Sawbill Lake, the younger Pre- 
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cambrian Labrador geosynclinal sequence ex- 
tends across this metamorphic boundary, being 
essentially unmetamorphosed to the north and 
progressively more highly metamorphosed 
southward (Dufresne and Neal, 1956; J. Retty, 
personal communication, 1956). Goodwin 
(1951, M.A. Thesis, Univ. Wis.) indicates 
or thrust-slip faults striking 
westward from the Ossokomanuan Lakes 
area, separating the regionally unmetamor- 
phosed strata to the north from the so-called 
basement gneiss to the south. The gneiss is 
believed to have moved relatively northward 


| over the sedimentary rocks. The strike of these 


faults coincides with the biotite isograd and 
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postulated “Grenville front” in that area. The 
faults are not traceable west to Sawbill Lake 
because of glacial drift. 

In the Wabush Lake area the grade of regional 
metamorphism increases southeastward from 
the postulated “front.” Thus, north of Wabush 
and Julienne lakes the iron formation locally 
includes red hematite, whereas farther south 
all hematite is specular. Cherty silica, non- 
silicated iron carbonate, chlorite schist, steatite, 
actinolite-epidote rocks, and phyllitic slate 
indicate the lower grade of metamorphism. 
Proceeding southeasterly the ratio of pyroxene 
to amphibole in the iron formation and meta- 
dolomite increases. In areas of higher grade 
metamorphism amphibole and pyroxene crys- 
tals 6 inches to a foot in length are found, 
crystals of carbonate and quartz are character- 
istically an eighth of an inch across, and some 
quartz rock is composed of crystals half an 
inch across. A muscovite schist has crystallized 
into books of mica more than an inch in 
diameter, and 2-inch kyanite crystals and 1-inch 
garnets are not uncommon. 

In the regions of highest grade metamorphism 
meta-argillites are rich in sillimanite, and 
carbonate rocks have been converted to 
pyroxene and graphite. Along their eastern 
boundary the recognizable younger Pre- 
cambrian strata pass into migmatite gneisses 
and have not been separated from “basement” 
rocks, 

The rocks of the Wabush Lake area, although 
highly deformed, show little internal evidence 
of dynamic metamorphism. The quartz crystals 
show no strain shadows, and the carbonate 
crystals do not show deformation lamellae. 
Knowles (1955, M.S. Thesis, Mich. College of 
Min. Technology) postulated that evidences of 
dynamic metamorphism were obliterated either 
by a lingering thermal phase of the regional 
metamorphism or by thermal metamorphism 
accompanying the intrusion of basic intrusive 
rocks. 


STRUCTURE 


Bedding planes can generally be recognized 
in the quartzite, metadolomite, and meta- 
morphosed iron formation. Compositional 
banding in the schists and gneisses probably 
reflects original bedding in many places, but 
banding parallel to foliation surfaces of more 
than one generation has been observed in the 
same rock. In the Wapussakatoo Mountains 
asymmetrical and overturned folds with axial 
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planes dipping east to southeast are the pre- 
dominant structure. South and east of Wabush 
Lake zones of recumbent folding alternate with 
zones in which bedding and foliation dip steeply 
and strike northwest. These conflicting patterns 
of deformation merge in the central portion of 
the map area (Fig. 1; Pl. 1). 

Evidences of superimposed folding range 
from crenulation in hand specimens to gross 
patterns on small-scale maps. Most of these 
features can be explained by two generations of 
folding, the first a continuation of the north- 
south fold pattern found farther north in the 
Labrador geosyncline, and the second a north- 
east-southwest trend parallel to the “Grenville 
front.” In the broad scheme the structures of 
the Grenville orogenic province appear to 
truncate, deflect, and be superimposed upon 
the north-south structures, much as they are 
believed to be superimposed upon the Huronian 
trends in the area north and east of Lake Huron 
(Quirke and Collins, 1930). Here, however, the 
structure and lithology of the pre-orogenic 
sequence do not “disappear” as they do in the 
Huronian. 


GEoLocic History AND REGIONAL 
SIGNIFICANCE 


The southwestern portion of the Grenville 
metamorphic province exhibits a consistent 
mineral date of close to —1000 m. y. Dates of 
this order have now been found in rocks as 
far east as Mt. Reed (Goldich e al., 1958), 
Newfoundland (Fairbairn, 1958), and Cape 
Makkovik (A. H. Lang, 1958, personal commu- 
nication). Before these dates were known, 
Robinson (1956), the Quebec Department of 
Mines (1957), and others had extrapolated the 
“Grenville province” east to the Atlantic 
coast on the basis of regional structure and 
lithologic considerations. Thus, the authors 
believe that the last orogenic activity in the 
Wabush Lake area occurred about 1000 m. y. 
ago. 

Because the north-south trends of the 
Labrador province (Fig. 1) appear to predate 
those of the Grenville orogenic province (— 1000 
m. y.), and because the Labrador geosyncline 
sedimentary sequence, which predates this 
orogeny, itself indicates at least one major 
epoch of orogeny (Kavanagh, 1954, Ph.D. 
Thesis, Princeton Univ.) postdating most of the 
metasedimentary sequence recognizable in the 
Wabush region, the base of the younger Pre- 
cambrian sequence must be considerably older 
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than —1000 m. y. Further support for this view} wabu 
is found in the — 1120 to — 1580 m. y. metamor-| Greny 
phic mica dates reported by Hurley (1958b) phism 
from the Sunday Lake area (near Quebec border 
a few miles southwest of Wabush Lake). t " 
The interpretable history of the region{ . 
(Table 2) begins with deposition of the younger} _. 
Precambrian quartzite-dolomite-shale sequence, | Fist 
This was laid down upon a floor of quartzo- “ay 
feldspathic gneiss along a coast line atleast 700 ~* ™ 
miles long, and perhaps much longer (Bergeron, | 1000 


1957b). The shore line was west of the deposi-| 
tional basin. Quartz sand deposited near shore ; 
was in part contemporaneous with shale and | 
cherty dolomitic limestone sediment deposited | 
farther from shore. The shore line was irregular, 

several islands of bedrock gneiss were exposed 

within the basin. The sea extended over the 

western sourceland until little coarse detritus 

was deposited as far east as the Wabush Lake 

area. Then chemical precipitates of silica, iron 

oxide, siliceous, manganiferous, magnesium- 

calcium-iron carbonates, and iron-magnesium 

silicates became the dominant sediment. Iron 

precipitated as oxide, silicate, or carbonate, de- 

pending upon the availability of oxygen and 

carbon dioxide; this in turn depended upon the 

depth and circulation of water, so that all three 

forms may have been deposited on different 

parts of the basin floor simultaneously. Current 

fluctuations and relative change in sea level! 
shifted the areal extent of facies, resulting ulti- 

mately in fine- and gross-scale lithologic alterna- 

tions in the stratal column. 

A fascinating record of volcanic diastems 
(Sauve, 1953, M.A. Thesis, Queen’s Univ.), a} 
suggested disruption of shelf or miogeosynclinal 
deposition with the initiation of an eastern de- 
trital source area (Bergeron, 1954, Kavanaugh, 
1954, Ph.D. Thesis, Princeton Univ.), and a 
thick sequence of post-iron formation strata are 
discernible in the unmetamorphosed portion of 
the Labrador geosyncline. Evidence for such \ 
events has been obscured in the Wabush area 
by metamorphism and deep erosion. 

After deposition of the iron formation and 
overlying rocks the Wabush area was regionally 
metamorphosed and twice folded, in places to 
tightly appressed, isoclinal, and recumbent 
structures. Coincident with metamorphism and } 
folding was the intrusion of basic rocks. Sauve 
(1956, Ph.D. Thesis, Johns Hopkins Univ.) 
shows that basic intrusive rocks in the unmeta-| 
morphosed Labrador geosyncline were intruded} 
prior to the north-south (earlier) deformation, | 
yet some large bodies of similar rock in the 
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this view} Wabush area appear to have been unaffected by __ called upon to study its beautifully fresh though 








netamor-| Grenville province (later) regional metamor- very ancient rocks. Drilling and pit opening will 
‘98 gional m er) cks. Drilling and p g 

58b) phism. It appears that the basic intrusive rocks give an ever-widening perspective. The authors 

ec border 

“ region| TABLE 2.—SEQUENCE OF GEOLOGIC EVENTS IN WESTERN LABRADOR AND ADJOINING QUEBEC 

younger}. See 

equence, Pleistocene Glaciation 

quartzo-);  ) hee wie aa . 

least 700, 7° ™Y° Erosion, deep oxidation, and leaching 

sergeron, Soot . 

$ deed | .1000 m.y. termination of “Grenville NE.-SW. folding, northward thrusting, medium to high- 

ar shore } orogeny” grade metamorphism, large gabbro and anorthosite intru- 

| . * a . . . 

nale and| sions, small acidic intrusions, numerous pegmatites 

eon Post-orogenic sequence: arkose, red Seal Lake (Robinson, 1956; Fahrig, 1957); small areas within 

rregular siltstone, basalt, diabase sills the unmetamorphosed Labrador geosyncline (Bergeron, 

exposed 1954 Ph.D. Thesis, Laval Univ.; Harrison, 1952); Otish 

over the Mountains (Robinson, 1956; Bergeron, 1957a); unknown 

detritus near Wabush Lake 

sh Lake eee s ; 5 

ee ? m. y. termination of “Labrador orog- N.-S. folding, thrusting southwest (Dufresne and Neal, 1956), 

sada eny” low- to high-grade metamorphism (Auger, 1954), gabbro 

gnesium (possibly around — 1300 m. y.) intrusion? 

nt. Iron Late Labrador geosyncline: gray- Eastern source (Bergeron, 1954, Ph.D. Thesis, Laval Univ.; 

saat de- wacke, arkose, conglomerate, Kavanaugh, 1954, Ph.D. Thesis, Princeton Univ.); repre- 

yen peer shale, dolomite sented in Wabush area by schists lying above the iron 

> ati ? 

pon the formation (?) 

all three wane as 5 : 2 

iteeent| * ?m. y. termination of orogeny NW.-SE. folding, metamorphism (Kavanagh, 1954, Ph.D. 

Cuseel! (possibly around —1700 m. y.) Thesis, Princeton Univ.) preceded and accompanied intru- 

sa level sion and extrusion of basaltic magma; landmass uplifted 

A to east 

ing ulti- é een : = 

ne Early Labrador geosyncline: iron Extended at least from Ungava Bay to Lake Matonipi 

formation, shale, quartzite, car- (Bergeron, 1957b); western source (Dufresne and Neal, 

. <, base cally 95 

ee bonate rock, basalt locally 1956) 

NIV.) ae) 2 py . rer ; 

ae -? m., y. termination of orogeny Metamorphism and emplacement of acidic plutonic rocks 

tern de- (possibly around — 2600 m. y.) involving general feldspathization, E.-W. folding (?) 

snaugh (Derry, 1950; unpublished observations by authors in 

and ‘ eastern Quebec) 

ata on Basement sequence: graywacke, Exposed over large areas west of the Labrador and Grenville 

pers thin shale and quartzite, basalt metamorphic provinces 

or such } 





hope that they have organized their ignorance 


sh area! of the Grenville may be of considerably different 
and pointed to the significance of this critical 


ages from those of the Labrador province. 


on and; Of the billion years séparating the youngest area. 
‘ionally | Mineral ages of the “Grenville orogeny” from 
aces to| the Pleistocene glacial drift of the Wabush Lake REFERENCES CITED 


imbent| 44 there is no testimony except the effects of 
deep oxidation and leaching (Knowles and 


sm and} 
ane) Gastil, 1959). 


 Sauve 
Univ.) 

nmeta-} PERSPECTIVE 
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Iron ore makes the Wabush Lake area one of 
the more valuable portions of the earth’s sur- 
face. For this reason many geologists will be 
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TECTONOPHYSICAL INVESTIGATIONS 


By V. V. BELoussov 


ABSTRACT 


The criteria of physical conformity elaborated in application to tectonic experimenta- 
tion by M. King Hubbert, B. L. Shneerson, E. N. Liustikh, and more fully by M. V. 
Gzovsky place tectonic experimentation on a solid methodological basis and show that it 
is entirely possible to attain a good approximation to physical conformity. 

Tectonic modeling is an essential supplement to the geological methods of field struc- 
tural research. An aptly applied experimental method enables one to detect very im- 
portant aspects which ordinarily escape the geologist as they are being produced. 

Soviet tectonophysical studies aim at studying fields of stress which acted in the 
Earth’s crust in earlier geological periods and the elaboration of appropriate techniques, 
one of which is the optical method of studying stressed states on models. 

Some results of recent investigations in tectonophysics are described. 
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HistoricaAL INTRODUCTION 


To Soviet specialists, tectonophysics is a 
scientific trend dealing with investigations into 
the physical mechanism of tectonic deforma- 
tions. Investigators; in other countries use the 
term in a broader, less definite sense, regarding 
tectonophysics as the study not only of physical 
data but of facts from every area of geophysics 
for the solution of any geotectonic problem. 
They include in this field, for instance, the 
elaboration of general geotectonic hypotheses 
based on geophysical as well as geological argu- 
ments. Here we shall keep to the Soviet under- 
standing of the tasks and content of tectono- 
physics. 

The phenomena of crumpling of layers of the 
Earth’s crust into folds and the formation within 
the crust of mechanical discontinuities with 
subsequent mutual movements of sections of the 


crust along these discontinuities are of interest 
both theoretically and practically. 

It was long ago evident to many that geologi- 
cal methods do not suffice for studies of the 
mechanism of tectonic deformations and that 
geological data may be substantially supple- 
mented through the use of other physical 
methods. Indeed, the geologist can observe only 
the final result of the process of deformation of 
rocks in the Earth’s crust. By correlating differ- 
ent forms of occurrence of rocks, the geologist is 
able to make inferences concerning stages in the 
process of tectonic deformation and concerning 
some of the conditions that bear upon its course 
and ultimate result. However, these conclusions 
are conjectural, and many of the regularities of 
the process may not be understood and com- 
pletely lost sight of since the geologist is not 
able to observe the deformation process. Hence 
arises the desire to reproduce tectonic deforma- 


1255 








1256 


tions on models and thus to see and study the 
process that cannot be observed in nature. 
Hence also arise attempts to utilize the great 
fund of information concerning the conditions 
and laws of deformations in solids in general 
that has accumulated in various divisions of 
physics from observations of materials other 
than rocks. 

The first attempts at reproducing experi- 
mentally the process of crumpling of layers into 
folds were made over a century and a half ago. 
Attempts were also made to study experi- 
mentally the formation process of tectonic 
faults and the mechanism resulting in certain 
other tectonic features (cleavage, boudinage). 
Such prominent tectonists as Daubrée (1879), 
Suess (1875), Heim (1878), Reyer (1892-1894), 
and Willis (1893) attempted to summarize theo- 
retically the physical aspect of tectonic deforma- 
tions. The last of these attempted an experi- 
mental reproduction of certain peculiarities of 
folded Appalachian structures that long re- 
mained classic. 

Toward the end of the nineteenth century, 
Becker (1893) put forth a sort of physical 
theory of the formation of tectonic faults which 
enjoyed a long period of success before being 
proved fallacious. Later, Mead (1920), 
Bucher (1920; 1921), Leith (1923), and others 
tried to elaborate certain aspects of the physical 
theory of tectonic deformations. 

During the first two decades of this century, 
Sander (1930) developed an original and ex- 
tremely involved theory of microscopic de- 
formations occurring in individual mineral 
grains in the process of deformation of an entire 
rock, and of microscopic methods of studying 
these deformations. Cloos (1925) considered 
observations of rock fracturing the central part 
of his system of studying the physical conditions 
of the development of tectonic deformations. 

The lengthy preparatory period did not yield 
very much for the development of scientific 
tectonophysics because much of the work was 
methodologically incorrect. The experimenters 
frequently attempted to reproduce geometric 
congruity of the structural forms and disre- 
garded physical conformity. The equivalent 
(model) materials were selected haphazardly, 
and, as is now evident, the models not only 
failed as far as physical conformity is con- 
cerned, but they flagrantly contradicted the 
conditions of such conformity. 

Another reason for frequent failures in at- 
tempts to generalize theoretically the physics of 
tectonic deformations was that geologists did 
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not possess well-developed conceptions in solid. 
state physics. The present-day theory Univer 
plasticity, viscosity, and strength had just bee; ™0V 
developed. Thus geology built up its own system Petrole 
of physical concepts based on inaccurate argy, 5° 
ments taken at random from the storehouse ofbranch 
physicomechanical facts and applied indiscrimijstudy | 
nately. frocks @ 
Cloos (1928; 1931) made a forward step igo! how 
developing an idea expressed in 1892-1894 bycompo 
Reyer when he pointed out that in experiments the 
reproducing tectonic deformations with extreme have b 
reduction in dimensions and time it is neces) Vich ¢ 
sary (in order to retain physical conformity) t¢ Stakh« 
utilize materials that are far less viscous thar} and P: 
rocks. However, his suggestions were of 4 


general nature only. Con 
Koenigsberg and Morath (1913) began a + 
theoretical consideration of the problem of Usir 


physical conformity as applicable to tectonic tecton 
research; this was continued by Hubbert (1937), follow: 
By that time a certain amount of experimenta bilities 
material had accumulated in the study of the he 
physical properties of rocks under conditions of rated 
high pressures and temperatures which made it) Y “ 
possible, at least in an approximate form 1949 
through the use of certain criteria of conformity, ecto" 
to define such properties (above all, viscosity)| “4! ba 
that model materials must satisfy. Utilizing 4tt@" 
this material, Nettleton and Dobrin began !r™™! 
experiments that reproduced the process of &S¥! 
formation of salt diapir domes and took into PfP® 
satisfactory account the requirements of physi- V& 
cal conformity (Dobrin, 1941; Nettleton, 1934; 1t 1S 
1941). Although these requirements were not study 
consecutively adhered to, the experiments repre-} !0F™Mé 
sented a fundamental step forward. Parker and| 0" ‘ 
McDowell (1955) repeated the salt-dome repro- solve 
duction experiments with slight refinements, 1 
and Currie (1956) studied the formation process simil: 
of grabens under conditions of uplift and sionl 
stretching of layers. ditio: 
In 1944, at the Institute of Theoretical Geo-\ 444" 
physics of the U.S.S.R. Academy of Sciences,| 4U@ 
the author organized the first laboratory of ex- cond 
perimental tectonics in the Soviet Union. It is (194: 
now called the Laboratory of Tectonophysics) @s 
and is part of the division of geodynamics of the that 
Institute of Geophysics of the U.S.S.R. Acad-, Whet 
emy of Sciences. In this laboratory, M. V.) 20™ 
Gzovsky has played a very great role in the de-| cond 
velopment of tectonic investigations and in the; 
introduction of correct physical concepts appli-| 
cable to tectonic deformations. Two other! whe 
laboratories of experimental tectonics have| VISCt 
been organized in recent years at the Moscow! ate 
moc 
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ns in solid. P : : 
theory University by the author and by D. A. Kazi- 
1 just beemirov in the All-Union Research Institute of 
wn systen Petroleum Geology. 
rate argy, Soviet workers have been developing the 
rehouse gfbranch of tectonophysics that embraces the 
indiscrimjstudy of the physicomechanical properties of 

jrocks at different pressures and the elucidation 
rd step jgof how these properties depend on the material 
2~1894 composition, structure, and geological history 
perimenteof the rocks. The best results in this direction 
h extreme have been obtained by Zalessky (1958), Volaro- 
- is necesyVich and Balashov (1957), Volarovich and 
rmity) ti Stakhovskaia (1958), Volarovich, Balashov, 
cous thar! and Pavlogradsky (1959), and Rozanov (1958). 
ere of a 

CONDITIONS OF THE TECTONIC MODELING 

began a 
oblem of Using as a basis the experience gained in 
. tectonic tectonophysical research, one may assess as 
rt (1937), follows the present achievements and_possi- 
erimentz bilities of tectonophysics. 
ly of the The criteria of physical conformity elabo- 
ditions of! fated in application to tectonic experimentation 
1 made it by Hubbert (1945), Shneerson (1947), Liustikh 
ite form) (1949), and Gzovsky (1954b; 1958) place 
nformity, tectonic experimentation on a solid methodologi- 
riscosity)| cal basis and show that it is entirely possible to 
Utilizing attain a good approximation to physical con- 
n began formity. At present, it is not an easy matter to 
ocess of! ensure simultaneous conformity of all requisite 
properties (plastic, elastic, and strength): how- 
ever, in principle this is possible. But even now 
it is feasible and possible to make a separate 
study, on models, of the processes of elastic de- 
formation, plastic deformations, and the forma- 
tion of faults. This in itself is quite enough to 
solve a broad range of tectonic problems. 

Two physical processes are known to be 
similar if they are described by identical dimen- 
sionless equations. This is possible on the con- 
dition that definite relationships between the 
al Geo-| quantities of the physical parameters of these 
equations are observed. Such relationships are 
conditions or criteria of conformity. Hubbert 
(1945) has shown and Gzovsky (1954b; 1958) 
has reapproved on a broader physical basis 
that for modeling slow plastic deformations 
when neither inertial forces nor elastic phe- 
nomena are taken into account, the conformity 
conditions are as follows: 


C,=C, CC, 
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where C, is the ratio of the magnitudes of 
viscosity of the model and the object being 
modeled, C, is the ratio of densities of the 
model and the original, C; the ratio of the geo- 
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metric dimensions of the model and the original, 
and C; the ratio of duration of development of 
the process on the model and in nature. 

From the equation it is seen that three of the 
four physical parameters may be taken ar- 
bitrarily for the model, but our choice will be 
determined by the fourth parameter, which, 
consequently, cannot be arbitrary. Actually, 
the freedom of choice of three parameters is 
essentially restricted by various conditions. 
Thus, for example, it would not be reasonable 
to choose such ratios of densities, dimensions, 
and times for which the viscosity of the model 
ensuring conformity would be so low that 
successful experimentation with such a sub- 
stance is out of the question. We are also 
restricted by certain reasonable dimensions of 
the model and duration of the experiment. 
Calculations show that for modeling slow plastic 
deformations that occur in thick layers (several 
kilometers) of sedimentary rock, suitable 
equivalent materials are, for instance, petrola- 
tum, gun grease, resin, and, in certain cases, 
very soft, moist clay, if the model is between 5 
and 20 cm thick and the duration of the experi- 
ment does not exceed 24 hours. Clay with a 
moisture of 40 to 50 per cent is also a good 
material for modeling tectonic faults. 

The principal obstacle to precise experiments 
is our poor knowledge of the mechanical proper- 
ties of rocks at different pressures and tempera- 
tures. Best studied are the elastic properties of 
rocks. Zalessky (1958) and Rozanov (1958) 
have established the dependencies of Young’s 
modulus and strength on the material compo- 
sition, structure, porosity, and geological history 
of the rocks. Volarovich and Balashov (1957), 
Volarovich and Stakhovskaia (1958), and 
Volarovich, Balashov, and Palovgradsky (1959) 
have found out how Young’s modulus depends 
on the magnitude of confining pressure. How- 
ever, the elastic aftereffect of rocks and the 
viscosity of rocks have not yet been studied. 
The available figures are known to be exceed- 
ingly inaccurate, even if compared to the de- 
terminations of viscosity in equivalent ma- 
terials. It is this that makes tectonic modeling 
lacking in accuracy. Even so, we have every 
right to consider tectonic modeling a very 
powerful method of investigation, which can- 
not of course be regarded as independent, but 
which is an exceedingly essential supplement 
to the geological methods of field structural re- 
search. A properly applied experimental 
method enables one to detect very important 
aspects which frequently escape the geologist. 
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It enables one to discover interrelationships FORMATION OF FAULTS stronget 
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Diagram a shows ductile faults on model (petrolatum); b shows ductile faults in the Kara-tau region Si 
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ne specific feature of Soviet tectonophysics come immediately after elastic deformation, | | 
es Ee : f é é : eae , # ey pene ht) eats | in otk 
is its aim at studying fields of stress acting in _ whereas the ductile discontinuities (Fig. 1) area body 
the Earth’s crust in earlier geologic periods and __ result of the development and culmination of | a 
the elaboration of appropriate techniques plastic deformation. It was suggested that two | * a 
(Gzovsky, 1954a; 1956b), one of which is the similar types should also be found among | “Pace 
. z . : Ps Thie up . ~ | result 
optical method of studying stressed states on tectonic faults. This was confirmed. It is pos- fault 
models. Gzovsky and D, N. Osokina have made _ sible to isolate these two groups among natural fe R 
a transparent-plastic, optically active material _ tectonic faults and to define their morphological ' ae 
. . . . . . “or a 
which permits study of the distribution of peculiarities. } pone 
stresses on models in the process not only of An elastic fault forms instantaneously as soon | a 
elastic deformations (to which studies had been as the stress reaches the strength limit. A single | * - F 
confined until recently) but also of plastic de- surface of destruction (concentrated rupture) | “as 
formations (Gzovsky, 1958). This has greatly _ is formed. A ductile fault develops by means of a inal 
extended experimental possibilities. gradual concentration, in a certain zone, of a | ean 
Let us briefly examine some of the latest previously uniformly scattered plastic flow. a 
results of investigations in tectonophysics. This concentration is primarily seen as a | "© 
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stronger plastic deformation in the given zone. 
The nature of the deformation may differ de- 
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In the very same way, a viscous thrust fault 
passes into an upturned anticlinal fold etc. A 
ductile fault is seldom single: ordinarily there is 
some sort of a zone of interconnected faults 
(scattered fault). 


50 





Q 125 m 


9 ees 


FicuRE 2.—Wavy FAUvtts 
Diagrams a and b show wavy faults in nature inthe Kara-tau region. 1—Carboniferous rocks; 2, 3—Devo- 
nian rocks; 4—Ordovician rocks (after Gzovsky, 1953). 


when a plastic body of any form is displaced 
under the action of a couple. This bend cor- 
responds to what is known in geological termi- 
nology as a flexure. Further concentration of the 

flow leads to the appearance, in the appropriate 

| zone, of a series of isolated tiny faults with very 
small amplitudes of movement along them. The 
next stage consists in certain of these numerous 
small faults ceasing to develop and dying out. 
Others seem to take upon themselves the re- 
leased displacements; they grow in all directions 
and increase their amplitudes. As the process 
develops, the number of such active faults 
diminishes; meanwhile the displacement ampli- 
tude along them increases until, finally, all the 
movement is concentrated on a single surface, 
which is the final fault. 

Since the process of movement concentration 
as a whole proceeds irregularly in a deforming 
plastic body—faster in some places and slower 
in others—at any given moment areas of the 
body in different stages of this process can be 
detected. They are intimately related and, in 
space, are continuations of each other. As a 
result, in its continuation (in any direction), a 
fault of ductile origin always “‘scatters’’, first 
disintegrating into a progressively increasing 
number of tiny faults with ever-diminishing 
amplitude of displacement, and then passing 
into plastic deformation without any perceptible 
disturbances in the mechanical continuity of the 
body. Thus, by way of illustration, a viscous 
normal fault passes into a flexure, which 
historically precedes it, and, consequently, 
reflects an earlier stage in the whole dislocation. 


These conclusions have made it possible to 
give a much fuller picture than had been pos- 
sible hitherto of the formative conditions of 
tectonic faults and of certain specific features in 
their structure (Beloussov, 1952; 1954; Belous- 
sov and Kuznetsova, 1949; Gzovsky, 1956a). 
There can be no doubt that these same con- 
clusions facilitate the solution of certain practi- 
cal problems connected with the structure of ore 
deposits. 

On models, it was found that any fault, 
whether ductile or brittle, shear or tension 
fracture, is not formed at once; it is preceded 
by small, “inchoate” faults, which expand either 
slowly or almost instantaneously and combine 
into a single surface of a big fault (Chertkova, 
1950; Gzovsky and Chertkova, 1953). The 
surface of such a single fault bears very clear 
traces of its being the result of a combination of 
many individual iaults with their varying 
histories and slightly differing positions in space, 
which lead to changes of strike of the ultimate 
single fault. A study of natural, large tectonic 
faults has shown that many have a wavy or 
festooned shape (Gzovsky, 1953). The study of 
this problem theoretically and with the aid of 
models has led (on the basis of the foregoing 
concepts concerning the fault mechanism) to 
the conclusion that each individual bend in a 
large fault reflects the individual “inchoate” 
fault, which, after coming into being and ex- 
panding, acquires a certain curvature before 
joining adjacent “inchoate” faults that have 
already expanded and bent into are shapes 
(Fig. 2; Pl. 1, fig. 1). The appearance of curva- 
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ture in the fault has been found to be caused by 
an alteration in the stressed state in the given 
area in connection with the very appearance of 
the fault (Gzovsky, 1956a; 1958; Gzovsky and 
Chertkova, 1953). 
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at different times this section of the earth’ 
crust experienced outside forces acting in differ. 
ent directions. 

Gzovsky (1954b), has made a special study of 
this question by reconstructing earlier fields of} 
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FicurE 3.—CoMBINED GEOLOGIC PROFILE OF A TECTONIC UPLIFT IN THE KARA-TAU REGION 
(After Gzovsky, 1954a) 


During a geologic study of the structure of an 
area of the Earth’s crust in a mountaneous 
district (the Kara-Tau ridge) that had under- 
gone continued tectonic uplift, Gzovsky (1954a) 
found numerous systems of diversely oriented 
tectonic faults. In addition to those faults 
visible on the cross section in Figure 3, there are 
subsequently formed faults directed across the 
uplift and, therefore, parallel to the plane of the 
drawing. They are in the nature of small 
normal faults. The faults depicted in profile 
could also have been divided into several differ- 
ent types: in addition to typical normal faults 
on the crest of the uplift there are steep thrust 
faults (reverse faults) on its wings, and also 
curious low-angle thrusts with displacement of 
the overthrust wing toward the axis of uplift. 

This diversity of fault systems suggests that 


stress along the faults, by analyzing the distribu- 
tion of stresses by means of a method of photo- 
elasticity on a transparent elastic model, and by 
reproducing the uplift on a plastic model. He 
has shown that in the process of a single, gradual 


bending upward, without the application of any | 


other outside forces, all the observed fault 
systems must have appeared in the plastic 


model, one after the other. Figure 4 shows the | 


distribution of tangential stresses in these con- 
ditions and the trajectories of maximum 
tangential stresses. Diagram a shows that the 
faults should initially appear in the base and the 
crest of the uplift, whence they should gradually 
propagate up and down respectively; diagram b 
indicates the direction of expected displace- 
ments in different parts of the uplift. As may be 
seen, the theoretical picture coincides with 


PiateE 1.—CLAY MODELS 


Figure 1.—Wavy faults on clay model. (See Fig. 2.) 


FiGURE 2.—Plastic model of a tectonic uplift (clay). Experiment by M. V. Gzovsky. 
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FORMATION OF FRACTURES IN CLAY MODELS 
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FORMATION OF FAULTS 


what is observed. Figure 2 of Plate 1 is the 
result of a reproduction of this same uplift on 
a plastic model when the very same fault 
systems were obtained. As is evident from 
Plate 2, it is not necessary to presuppose any 
alteration in the system of external forces to 
account for the formation of subsequent trans- 
versal faults. Gzovsky (1954b, p. 542-544) 
notes: 


“Modeling has shown that in the formation of an 
uplift connected with the action of a vertical force 
the first to form are longitudinal faults, which are 
followed by transversal faults. This change in the 
orientation of faults is due to the fact that the 

earance of longitudinal faults alters con- 
siderably the possibility of orientation of the stress 
axes within the limits of the uplift. Prior to the 
origin of longitudinal faults, the algebraically- 
maximum principal normal stresses are oriented 
in the plane of greatest curvature in the surface of 
the model, which is across the strike of the fold 
axis. This orientation of stress axes gives rise to 
longitudinal faults. After the appearance of longi- 
tudinal faults the material can no longer withstand 
such tensional forces across the strike of the uplift, 
and for this reason the principal normal stresses 
acting along the fold and parallel to the longitudinal 
faults become algebraically maximal. It is this new 
orientation of stress axes that gives rise to the 
transversal faults.” 


The results of this investigation are of funda- 
mental significance. They make it possible to 
find simpler ways of explaining the conditions of 
formation, in the earth’s crust, of numerous 
systems of faults without recourse to the in- 
volved and artificial speculations of some 
geologists concerning repeated alterations in the 
direction of tectonic forces. 

Widespread in nature are so-called echelon 
fractures. Modeling has confirmed their con- 
nection with the transverse thrust action of an 
active couple (Gzovsky, 1956a). In addition, 
modeling has made it possible to explain their 
S-shaped deformation as the result of a turning 
(in the process of continuing deformation) of 
earlier-formed parts of fissures together with 
further fissure growth in the direction deter- 
mined by the stress pattern. 

The process of the boudinage of rocks was 
studied and explained on models (Beloussov, 
1952, Ch. III). This process is extensively de- 
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veloped in folded areas and is an indicator of 
a number of peculiarities in the deformation of 
rock layers (relative plasticity of different rocks 
under given conditions; the relative extent of 
deformation in different directions, for example, 
the relative extent of tension of layers on the 
wings of dip and strike folds; the relative general 
intensity of deformation of individual sections 
of the earth’s crust composed of an identical 
series of layers, etc.). Figure 5 compares 
natural boudinage with appropriate models. 

The foregoing investigations in conjunction 
with numerous field observations have made it 
possible to give a preliminary sketch of a theory 
of the formation of tectonic faults (Beloussov, 
1952; 1954; Gzovsky, 1956a; 1956b). One of the 
central points in this theory is the establishing 
of a connection between faults and stresses 
(maximum tangential or maximum tensional) 
in all cases, and not with the extent of plastic 
deformation, with which such a connection had 
formerly been thought to exist (as for instance 
in Becker’s (1893) theory). This circumstance 
considerably improves methodological oppor- 
tunities for reconstructing fields of tectonic 
stresses (that had existed earlier in the Earth’s 
crust) from the positions of faults and from the 
directions of displacements along them (Gzov- 
sky, 1954a; 1956b). 

In this work we proceed from the fact that 
faults are formed either by the action of maxi- 
mum normal tensional stress (tension fracture) 
or by the action of maximum tangential stress 
(shear) in overcoming ultimate strength in a 
tension fracture and shearing. Shearing faults 
are known to form two conjugate systems, 
which, however, do not ordinarily coincide with 
the direction of maximum tangential stress but 
deviate from it so that the main stress axes 
remain bisectors with respect to the faults; how- 
ever, the angles between the conjugated faults 
in the direction of the main axis of tension 
are obtuse, whereas those in the direction of the 
main axis of compression are acute. The extent 
of deviation is connected with the properties 
of the material and, apparently, is deter- 
mined by the influence of normal stresses on the 
shearing strength of the material. If there is no 





Pirate 2.—FORMATION OF FRACTURES IN CLAY MODELS 


FicureE 1,—First stage—formation of longitudinal fractures. (Scale in centimeters.) 
FicurE 2.—Second stage—formation of transversal fractures. (Figures 1 and 2 after M. V. Gzovsky.) 


(Scale in centimeters.) 





















































FicuRE 4.—StREssEs AND DIsLocATIo 

a—relative value of the tangential stresses o 

on an elastic model; c—distribution of the tangential stresses on a pl 
shearing surfaces on a plastic model (after Gzovsky, 1958). 
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FORMATION OF FAULTS 


such influence the fault will form in the theo- 
retical plane of maximum tangential stress; the 
greater the effect of normal stress on the shear- 
ing strength the greater the deviation of true 
shear from the theoretical value. 





Figure 5.—BOUDINAGE 


a—in the Archean rocks of the Baltic shield 
(Karelia); b—on model (petrolatum): a-d, stages 
of artificial lensing. 


This deviation helps to determine the di- 
rection of the main axes of tension and com- 
pression, which, however, should be checked 
against the directions of displacement along the 
shear joints. 

It is easy to see that the deviation of the 
shear surfaces from their theoretical position— 
which follows both from experience and from 
modern strength theory—is the reverse of the 
displacement assumed in Becker’s theory. In 
Becker’s theory, the position of shear fractures 
was related to the extent of plastic deformation, 
and the obtuse angle between the conjugated 
fractures had to be in the direction of the main 
axis of compression. 


FORMATION OF FoLps 


Folding is far more complex than the forma- 
tion of tectonic faults. For this reason, tectono- 
physical investigations in this field encounter 
great difficulties. 

In order to clarify certain problems (which 
are still in dispute) concerning the mechanism 
and cause of folding, special structural investi- 
gations have been organized in a number of 
folded regions (carried out by I. V. Kirilova, 
A. A. Sorsky, A. V. Dolitsky, A. M. Shurygin, 
and V. N. Sholpo for the Caucasus; M. V. 
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Gzovsky, and V. V. Ez for the Kara-tau Ridge; 
D. A. Kazimirov for Fergana; and N. A. 
Syagaev, N. B. Lebedeva, and O. M. Filatov 
for the Eastern Crimea and the Northwestern 
Caucasus). The preliminary results of these in- 
vestigations permit the view that folding by 
general crumpling is a peculiar reaction of 
stratified masses of the Earth’s crust to differ- 
ential vertical movements of individual blocks. 
This reaction amounts to movement of material 
due to the force of gravity and also due to a 
dynamic squeezing from the crests from the 
relatively elevated blocks toward the relatively 
depressed blocks. In this process the upper part 
of the relatively elevated blocks spread out 
fanwise (or mushroomlike), due both to gravita- 
tion and to dynamic squeezing, and hang over 
the adjacent, relatively depressed blocks, pro- 
ducing on their upper part a horizontal pressure 
which leads to crumpling of the layers into 
folds within the limits of a certain area (Belous- 
sov, 1956; 1958). In the light of these results, 
the entire problem of the mechanism and causes 
of folding appears differently. Up until recently 
geologists held that folding by general crumpling 
results from very general factors of a world-wide 
scale, and therefore they did not believe it pos- 
sible to pose the question of the origin of folding 
in the study of any isolated folded region. it now 
comes to light that folding in each individual 
case is connected with certain local factors 
which may be studied. What is more, the mecha- 
nism of folding by general crumpling is not by 
contraction of the Earth’s surface, but by 
elongation of the layers with retention of the 
original area of their occurrence. It is in the 
stretching of the layers in the crests of rising 
blocks and in their flow from the elevated block 
to the relatively depressed rock that this 
elongation occurs. 

In all cases, the local causes of folding are 
connected with contrasting vertical movements 
of blocks of the Earth’s crust—a situation 
peculiar to geosynclines. This is why folding by 
general crumpling centers in  geosynclinal 
zones. 

Resin is the best material for modeling a 
folding process that involves gravitational 
forces. It yields thin-layer models that permit 
observation of considerable structural results of 
gravitational flow within convenient experi- 
mental time limits (hours, days). Its adhesive- 
ness prevents the formation of faults, so they 
cannot, therefore, be observed jointly with 
folds. 

Modeling by means of resin and dies, which 
when placed at the bottom of the apparatus can 
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be elevated and depressed, thus imitating the 
blocks of the Earth’s crust, has shown that if the 
succession of movements of the dies and waiting 
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gested in a conversation by A. V. Dolitsky, has been 
Earlier, but in a more limited form, a similar| 


suggestion was made by Rezvoi (1954). The | 
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FIGURE 6.—FOLDs ON MODELS 


a—gravitational folds, observed on a resin model 


after the uplifting of a die for some hours; b—folds 


observed on a resin model after two successive operations: the uplift of a die and its return to the initial 


position in some hours. The interrupted lines indicate 
by N. B. Lebedeva.) 


periods after each movement are varied, many 
possibilities open up in the reproduction of the 
most diverse sets of folds. What is more, it was 
found that if one of the dies is raised relative to 
the adjacent dies, thus stretching the layers on 
it, and if the same die is lowered to its initial 
position, the stretched layers prove to be too 
long, so that when they follow the die into their 
original position they crumple into folds. 
Similar operations with several dies returned to 
their original positions yield a whole folded 
zone, and the crumpling of layers into folds is 
not the result of contraction of the width of the 
folded zone but of elongation of the layers. The 
idea of obtaining folds in this way was sug- 


the area where the layers are stretched. (Experiments 


question became clear after a series of experi- 
ments with models (Fig. 6) carried out by N. B. 
Lebedeva of the Moscow State University. 

A study of the structural details of complete 
folds permits certain conclusions concerning the 
mechanism of deformations that occur inside 
layers during their crumpling into folds. An im- 
portant part was found to be played by layer 
flowing of the most plastic rocks. Another thing 
established was the very important role of un- 
even transversal (that is, directed normally to 
the layers) crushing of stratified masses, which 
is the cause of this layer-by-layer movement of 
the material (Beloussov, 1947; 1949; Gzovsky 
and Chertkova, 1953; Sorsky, 1952). Modeling 
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FORMATION OF FOLDS 


tsky. has been used to study the physical conditions 


milar 
e| 


ds 
al 
ts 











A 


of formation of two varieties of folds of longi- 
tudinal compression: folds of longitudinal bend- 
ing and folds of longitudinal flattening (Gzov- 


) sky, 1958). 
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Figure 7.—Model of a Block Fold (Petrolatum) 


Formation of two systems of faults after succes- 
sive movements of the die down (position 2) and 
up (position 1). (Experiment by A. M. Sycheva- 
Mikhailova.) 


Although it has been held that in folded 
zones, faults (usually thrust faults) are formed 
after the formation of folds or at least during 
the latter stages of their development, experi- 
ments with models have shown that other inter- 
relationships are possible. Thrust faults can 
appear during the very earliest stages of folding 
and even before the appearance of noticeable 
folds (Beloussov, Chertkova, and Ez, 1955). In 
these cases, the fold and faults develop in large 
measure simultaneously, the faults effecting 
essentially (by their position) the position and 
shape of the folds. There is reason to believe that 
similar interrelationships are common in nature, 
too: certain peculiarities in the build of folded 
structures are explicable only by presupposing 
an early appearance of faults with respect to 
folds. For example, in the Northwestern 
Caucasus numerous longitudinal faults were 
found, near which large-size elements of folds 
were observed to be disappearing (for instance, 
the total disappearance of a syncline which, it 
would seem, should be in existence between the 
two anticlines that have now come into contact 
via the fault). Conventional concepts resulted in 
interpretation of these relationships as the 
result of a considerable horizontal component in 
movements along the faults. The faults were re- 
garded as comparatively low-angle thrusts that 
had covered certain elements of the folded 
structure. However, this interpretation ran 
counter to the general style of the tectonics of 
the region, where, it would seem, the possibility 
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of appreciable horizontal movements was ex- 
cluded. If, however, the faults arose prior to 
folding and the faults took shape independently 
in each of the blocks separated by these faults, 
irrespective of the folding of adjacent blocks, 
there is no need to seek a strictly geometric 
regularity in the structure and to look for the 
sites of “lost” parts of the folds. It might be that 
such parts had never been there. The faults may 
be thought of as being vertica!. This fits the 
tectonic style much better. 

Of interest are the results of modeling so- 
called block folds, especially reflected block 
folds, that is, the bending of layers directly by 
pressure acting upward from an isolated rising 
block of the Earth’s crust. For example, it was 
found that if deep-lying layers duplicate the 
bend in the surface of the foundation block 
(that is, the die at the bottom of the apparatus), 
box-shape folds are observed; the curves be- 
come broader and more sloping and less similar 
to the surface shape of the block in the higher 
layers. This phenomenon has been studied in 
detail on models by Sycheva-Mikhailova (1958). 
If the die is asymmetric (unilateral uplift), the 
overlying layers also exhibit asymmetry only at 
the bottom where the layers form a steep 
flexure over the projection of the die. Farther 
up, the asymmetry vanishes very quickly and 
the layers are bent into a gradual symmetrical 
swell. In the very same way, negative forms 
(depressions) expand and die out away from the 
foundation block. In big thicknesses two deep- 
seated uplifts that are not too far apart can, at 
the surface, join to form a single uplift. A steep 
inclination of layers at the surface of a thick 
plastic mass can exist only along a scar dividing 
two blocks that are moving in opposite di- 
rections—one upward and the other down- 
ward. 

Faults that accompany block movements are 
situated differently on rising and subsiding 
blocks. Reverse faults converge sharply from 
the edges of rising blocks and cut out (over the 
die imitating the foundation block) a prism with 
the sharp edge upwards. Inside the prism, the 
layers lie horizontally and do not participate in 
deformations that occur on the wings of the 
uplift. 

Normal faults from the edges of a subsiding 
block diverge upward. If a die is raised and then 
lowered, two successive systems of faults form, 
and after the die returns to its original position 
two faults will project upward from each edge 
(Fig. 7). 

Injection folds associated with the squeezing 
of plastic masses from under structural depres- 
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sions (owing to the uneven weight of overlying 
layers) in the direction of anticlines have also 
been reproduced on models, 

The first to be reproduced was the formative 
process of salt diapir domes as a result of a 





FicureE 8.—“Satt Domes” ON A MODEL 
Bitumen (black) and sugar syrup (white). (Ex- 
periment by N. B. Lebedeva.) 


“coming to the surface” of a light viscous 
material that modeled the salt inside of a 
heavier material that imitated enclosing rocks 
(Lebedeva, 1956). The experimental procedure 
is simple: black bitumen of small specific weight 
was poured onto the bottom of a transparent 
vessel; over this was poured a layer of a heavier 
transparent sugar syrup. Through the syrup 
it was easy to observe the process of bitumen 
coming to the surface in the shape of black 
columns (Fig. 8). Certain relationships were 
established in this experiment between the rate 
of growth of the domes and their shapes on 
one hand and the difference of specific weights 
of the two materials, their viscosities, and the 
thickness of their layers on the other hand. If 
the thickness of the lower viscous liquid (‘‘salt’’) 
proved to be different at different points, the 
diapirs formed primarily or exclusively in zones 
of greatest thickness, which is in agreement 
with the preference (observed in nature) of 
salt cores for depressions in the surface relief 
of a sublayer foundation, that is, for places of 
relatively greater thickness of the salt-bearing 
series. The growth of diapirs is promoted by 
increasing the thickness of the layer of upper 
heavy liquid. For natural cases, too, it has been 
pointed out that the growth of salt diapirs is 
promoted by a greater thickness of the over- 
lying rocks. A reproduction on models was 
made of a group growth of a large number of 
simultaneously or successively arising diapirs. 
This occurred if the area of the apparatus was 
sufficient and the viscosity of the modeling 
materials, which was needed to retard the 
process, was high enough. This is the first time 
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that such group growth of diapirs has been 
observed on models. 

Likewise reproduced on models was _ the 
process of formation of injection folds with clay 
cores. The clay injection folds (diapirs) of the 
Kerch-Tamanskaya region, which had been 
especially studied, served as the prototype. The 
guiding idea was the supposition of a squeezing 
of plastic clays into the crests of uplifts (swells) 
from depressions due to the weight of the over- 
lying rocks. The models exhibited typical clay 
piercement cores forming when the material 
used to imitate the plastic clays gained free 
access to the surface through an opening 
(fissure) in the covering material. It may be 
that in nature, too, the cores of “clay diapirs” 
take shape after the clayey plastic mass (the 
Maikop series, in the case of the Kerch- 
Tamanskaya region) reaches the surface, being 
eroded in the crest of the uplift, which originally 
had possibly been blocklike. It was found that | 
the structure of the core depends on the width — 
of the opening through which squeezing takes 
place and also on the load distribution in the 
depression from which the clays are squeezed 
out. In some cases the core has a complex 
folded internal structure, whereas in others it 
takes the shape of a single anticline with highly 
stretched layers (the stretching of layers is 
recorded by rupture of fine clayey spreads made | 
between the more plastic layers of petrolatum 
or resin). 

It is interesting to note that under the condi- 
tions of the supposed mechanism the upper 
layers of the mass imitating the clayey series 
come into motion first. For this reason, in the 
squeezed core an overthrust movement of its 
peripheral parts (wings) onto the inner part 
which lags behind in its upward movement is 
observed. This is a perfect reconstruction of the 
structural conditions that were discovered by 
drilling in some of the crest-shaped anticlines 
of the Terek-Sunzhen region in Northern 
Daghestan. It may be that these anticlines, 
too, were formed by an undercurrent of plastic 
clayey masses out from under neighboring 
depressions greatly loaded with sediments. 
Besides, this latter phenomenon possibly con- 
tains, at last, the clue to the origin of those 
superimposed depressions which are widespread 
in the crest parts of the anticlines of the Kerch 
peninsula. The more energetic upward squeez- 
ing of the Maikop clays onto the wings of folds 
should have led to the formation of secondary 
synclinal bowing along their axial parts and to 
the retention, here, of higher layers covering 
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the clay. Subsequently, these layers, being 
heavier than the Maikop clays, which are 
saturated with water and gas, sank into the 
clays. The sinking blocks gradually took on the 
mechanically optimum shape of a_cuplike 
trough (Fig. 9). The foregoing results were 
obtained by Lebedeva in a study of the mecha- 
nism of formation of clayey injection folds 
which was made both in the field and on models. 

The results of tectonophysical investigations 
are convincing evidence that the tectonophysi- 
cal trend is a method which is an extremely im- 
portant supplement to purely geological 
methods. In many cases aspects of tectonic 
phenomena which are inaccessible to purely 
geological methods can be detected and 
explained. 


CONCLUSIONS 


The following conclusions may be drawn 
from the experience at hand. Only persistent 
and consecutive efforts can produce results in 
studies of tectonic physics. It is necessary to 
organize, on a larger scale, long-term broad- 
topic structural field investigations, for it is 
impossible to solve, for instance, problems of 
the mechanism of fold formation by accidental 
and incidental observations first in one region 
and then in another. What is required is a 
proper choice of structures for study and a 
proper sequence stemming from the problem 
itself and not from anything else. 

Tectonophysics is a borderline discipline. 
It is generally recognized that in our day and 
age science makes significant advances chiefly 
through work done in these borderline areas of 
knowledge. It is here that more refined investi- 
niet caesget gles are bp that new mee of 


at that routine ant scientific i a are 
overcome. Tectonophysics will be able to in- 
fluence the future development of fundamental 
conceptions in the field of the theoretically and 
practically important problems of geology and 
a number of allied subjects. 
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POSSIBLE PRE-PLEISTOCENE DEEP-SEA FANS 
OFF CENTRAL CALIFORNIA 
By H. W. MENARD 


The deep-sea floor off central California has 
been surveyed from the base of the continental 
slope to a distance of about 250 miles from 
shore by the Coast and Geodetic Survey for 
the Navy using the Survey ship PIONEER. A 
Precision Depth Recorder gave depths ac- 
curate to within 1 fathom, and an Electronic 
Position Indicator system yielded positions 
accurate to within a few hundred feet. Sounding 
lines were spaced about 5 miles apart, and the 
depth was continuously recorded with a 1- 
second interval between soundings. Boat 
sheets available to the writer have soundings 
plotted with an average spacing of 1 mile on a 
scale of about 1/300,000. 

Adequate description of California sub- 
marine canyons was not possible until the 
Coast Survey made detailed soundings in the 


> 1930’s (Shepard and Emery, 1941). For 20 


| 


years the shapes of the canyons have been 
known, but any discussion of their origin has 
suffered because the sedimentary deposits 
resulting from the erosion were unsurveyed. 
The PIONEER survey has filled this gap, and 
certain relatively firm conclusions can be 
drawn from the topography alone.' The writer 
has not attempted to discuss some aspects of 
the data because they will become clearer 
within the next few years after further coring 
and seismic observations are made. 

The PIONEER towed a magnetometer which 
was operated by various Scripps scientists, 
chiefly A. D. Raff and Ronald Mason who 
headed the group (Mason, 1958). Consequently 
a magnetic map is available for the whole area 
of the topographic survey. A few seismic- 
refraction stations were made in the south- 
eastern corner of the area by R. W. Raitt, and 
a line of gravity stations was taken by J. C. 
Harrison and colleagues of the Institute of 
Geophysics. 








1A 20-fathom contour-interval chart of the 
region prepared by the writer from this survey 
has been given a security classification by the 
Hydrographic Office. A more generalized chart 
based on earlier soundings has been published 
(Menard, 1955a, Fig. 6). A 50-fathom contour- 
interval chart of part of the region is based on the 
PIONEER survey (Menard and Vacquier, 1958, 
Fig. 4). 


The PIONEER survey stops just short of the 
edge of the deep-sea fans off California, but 
soundings have been taken to and beyond the 
edge by the Scripps Mid-Pacific, Northern 
Holiday, Cusp, Transpac, and Mukluk ex- 
peditions and by the American Telephone and 
Telegraph Company on the M/V Hupp te. 
Echograms from these cruises have been used 
to clarify details in the area surveyed by the 
PIONEER.” 

Many large submarine canyons dissect the 
continental slope off central California. Gi- 
gantic deep-sea fans spread out from the 
mouths of Delgada and Monterey canyons, 
and a smaller fan from Arguello Canyon. 
Delgada and Monterey deep-sea fans are 
confined within a very broad trough bounded 
north and south by the Mendocino and Murray 
fracture zones respectively (Figs. 1, 2). Another 
province of fans and abyssal plains lies north 
of the Mendocino fracture zone, but it is 
almost 800 fathoms shallower than the central 
California fans. The regions are separated by 
the Mendocino Ridge which acts as a dam 
preventing north-south movement of sediment 
on the deep-sea floor. Murray fracture zone 
has a relatively low relief, and Arguello deep- 
sea fan has buried it in one place and filled a 
few small basins in the Baja California sea- 
mount province to the south. 

Delgada and Monterey deep-sea fans merge 
imperceptibly and terminate to the west in a 
group of connected smooth-bottomed basins. 
Many hills rise out of the fans, although there 
are no large volcanic mountains like those in 
the Baja California seamount province to the 
south (Menard, 1955b). In addition there are 
low north-trending ridges with associated 
shallow troughs in the southwest corner of the 
area. The best surveyed group of ridges and 
troughs is about 100 miles long, 20 miles wide, 





2?The FANFARE expedition in July, 1959, made 
five seismic stations on parts of the Monterey and 
Delgada fans at localities chosen to determine any 
changes in thickness of sediment. The fans were 
cored extensively, and channels were surveyed. 
Final conclusions based on FANFARE will not be 
available for some time, but preliminary ship- 
board results confirm the calculations and con- 
clusions presented here. 
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FicuRE 1.—B tock DIAGRAM OF THE SEA FLOOR AND Coast OF CENTRAL CALIFORNIA 


Deep-sea fans spread out from the mouths of Delgada, Monterey, and Arguello canyons. The first two | 


fans are confined in a broad trough between the Mendocino and Murray fracture zones. 
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FIGURE 2,—Prorites Atonc Coast OF CALIFORNIA 


Above, profiles perpendicular to the coast off (1) the continental borderland of southern California, 


(2) Monterey Canyon, and (3) Delgada Canyon. Below, profile parallel to the coast of central California 
about 200 miles from land. 


and 100 fathoms high (Menard and Vacquier, datum. Similar groups of low, north-trending 
1958, Fig. 4). The relief is so subdued it could ridges and troughs appear to be present south 


not be contoured with confidence except that of the Murray fracture zone, but they are 
the surrounding abyssal plain is such a smooth obscured by other hills and mountains These 
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groups have the same dimensions and trends Monterey deep-sea fan is a remarkably 
as anomalies of the total magnetic field in the uniform feature with a radius of about 200 
area (Mason, 1958). The magnetic anomalies — miles although it is restricted on the south by 
have sharp boundaries and are roughly 400 the Murray fracture zone. A major deep-sea 


gauss. They can be contoured with much more channel has been traced for about 170 miles 
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VERTICAL EXAGGERATION X49 
ine 
FicurE 3.—COMPARISON OF ABYSSAL-PLAIN SLOPES AND DEEP-SEA CHANNELS 


(1) Abyssal-plain slopes (after Heezen ef al., 1954) and longitudinal profiles of (2) Monterey Canyon 
and deep-sea channel and (3) Delgada Canyon and deep-sea channel. 


confidence than the low hills and troughs and to the south of the fan head, and a small 
support the existence of the latter features, secondary fan occurs where the channel crosses 
especially south of the Murray fracture zone. a ridge.’ 

A newly discovered ridge, here named Both large fans show the influence of low 
Pioneer Ridge, trends west for at least 100 north-trending ridges which act as dams. The 
miles along latitude 38°45’. The region south — effect is most noteworthy on the western edge 
of the ridge is about 200 fathoms deeper than of the Monterey fan where it is ponded beside 
to the north. A very similar and possibly — the ridges and slopes around the ends (Menard 
connected ridge with a similar regional change and Vacquier, 1958, Fig. 4). It is not unreason- 
in depth lies about 90 miles to the west and able to assume that ridges nearer the sediment 
extends along the same latitude for at least source have been buried because north-trending 
230 miles. The ridges are similar to the parallel | magnetic anomalies with the same trend and 
Mendocino Ridge to the north in all respects dimensions as the ridges exist under the smooth 
but size. parts of the fans. Buried ridges would also 

Delgada deep-sea fan radiates from the account for the observed changes in slope of 
mouth of Delgada submarine canyon at a_ the fans and deep-sea channels (Pl. 1). There 
depth of about 1500 fathoms. Sediment has is some suggestion that the channels are en- 
spread northwest across the fan into a trough _trenched where they cross what may be buried 
at the base of the Mendocino Escarpment and or partially buried ridges, particularly at the 
to the edge of the surveyed area. The spreading intersection of Monterey channel and a line of 
probably has continued in the trough to the seamounts and low ridges. The apparent 
smooth bottom found by the Mid-Pacific trenching may be erosional or nondepositional 
Expedition 420 miles from the head of the fan. _ in origin. 

Sediment transported southwest from the Volume relationships may be useful in 
canyon mouth enters a similar trough at the separating trivial processes from important 
base of Pioneer Ridge and probably continues ones. For this reason an attempt is made to 
in this trough for a total distance of about 400 estimate volumes eroded and deposited off 
miles. One major deep-sea channel extends 240 central California even though the calculations 
miles from the mouth of the canyon. The = 
slope decreases from about 0.006 to 0.0004, ‘Sand, pebbles, and shell fragments were cored 
m . oe ; from this channel on the FANFARE expedition. This 
(2.4 feet per mile), but local variations exist coarse material had been transported 160 miles 
like those in most rivers (Fig. 3). from the head of Monterey canyon . 
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are necessarily rough and mostly deal with 
orders of magnitude. Extreme values are 
compared in most calculations because they 
are usually more illuminating than averages. 
Thus, it may be convincing to demonstrate 
that the maximum volume eroded by some 
process is only a small fraction of the minimum 
volume of a sedimentary deposit so that the 
first did not produce the second. It may be less 
convincing to deal with averages because they 
are not so definite as extremes in this type of 
comparison. 

The total area of the deep-sea fans off central 
California is roughly 2.4 X 105 km? of which 
about 2 x 10° km? is surveyed and about 
0.4 xX 10° km? is estimated from expedition 
echograms beyond the limits of the survey. 
Abyssal hills probably have been buried under 
any smooth area (Menard, 1956, p. 2195), and 
a minimum volume of the fans can be calcu- 
lated if the height of the hills is known. The 
hills immediately west of the fans have an 
average relief of 300 m which is the same as the 
average for the whole Pacific Basin. The 
unusual groups of low ridges and troughs also 
have a relief of 300 m so that the minimum 
thickness of sediment in the fans may be taken 
as 300 m with some confidence. Some of the 
sediment certainly is of pelagic origin, but it 
can be neglected because the same pelagic 
sediment rains on the hills as on the fans, and 
the smoothing results from the difference in 
the rates of sedimentation in the two environ- 
ments. Rates of sedimentation of Pacific 
pelagic clays (Goldberg, 1958) and of turbidity 
currents in the Hudson deep-sea fan (Ericson 
et al., 1955, p. 216) have a ratio of 1/100 which 
also suggests that pelagic sedimentation can 
be neglected although turibidity-current dep- 
osition may be only intermittent. Granting 
300 m thickness, the blanket of sediment 
produced by turbidity-current deposition of 
continental material is 7.2  10* km* minus 
the initial hilly relief above a datum which has 
the same general shape as the present surface 
of the fans. Whether the hills were adjacent 
cones or groups of ridges and troughs separated 
by smoother areas, their volume was about 
a quarter of the layer, leaving a sedimentary 
fill of 5.4 & 10* km. 

Inasmuch as the initial general relief of the 
sea floor under Delgada and Monterey fans is 
unknown, with regard to sedimentary volume 
it can be considered to have ranged between 
approximately the shape of the present surface 
and the shape of a trench. The volume calcu- 
lated above would approximate the irreducible 
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minimum. A trench, which would have to be q 
filled, would require a maximum sedimentary : 
volume to produce the present surface of the 
fans. There is no evidence for a filled trench,]] 
However, a volume much larger than thel} 
minimum is suggested by comparison of the 
deep-sea fan province with the adjacent topo= 
graphic provinces to the north and south. The 
ridge and trough province to the north features ¢| 
a very broad, smooth-bottomed trough at the 
base of the continental slope and a range of |} 
low mountains west of the trough. The Baja 
California seamount province to the south is |} 
hilly and mountainous, but for several hundred |} 
miles off shore the regional depth is relatively 
constant. Therefore, in either of the adjacent 
provinces, it would be necessary to build up a 
thick wedge of sediment to produce the type | 
of topography of Delgada and Monterey fans, 
The inner portions of these two fans, between 
the depths of 1800 and 2500 fathoms, may be 
considered as such a wedge with a base at 2500 
fathoms and a volume of 1.4 X 10° km‘. If 
the fans are isostatically compensated, a 
downbowing of the crust would result in 
doubling the thickness and volume to yield a 
continuous westward slope. Downbowing is 
suggested by echograms (Pl. 1) in that the 
general level of the peaks of abyssal hills appears 
to dip under the edge of the fans. The same 
effect occurs at the outer edge of some archi- 
pelagic aprons (Menard, 1956, p. 2204). The 
volume of the buried hills can be neglected in 
this calculation, and the volume of the fans is 
2.8 X 105 km’. 

It appears that the volume of Delgada and 
Monterey fans is of the order of 10° km*. A 
volume of 5 X 104 km* may be considered as 
minimum.* 

The volume of the continental slope eroded 
to form a submarine canyon has been estab- 
lished by computing the volume of similar reg- 
ular polyhedrons. By this method Delgada 
submarine canyon has a volume of 300 km', 
and the volume of Monterey submarine canyon 
is 450 km*. This compares with a figure of 320 





4R. W. Raitt has been kind enough to calculate 
the volume of the fans on the basis of his prelimi- 
nary shipboard results from seismic stations on the 
FANFARE expedition. The volume of sediment in 
the area of the fans is roughly 1.6 X 10° km*. The 
volume of sediment which would be anticipated in 
an equal area of the Pacific with normal hilly 
relief is 0.7 X 10° km’, and the difference of 0.9 X 
10° km® is the excess of sediment which has pro- 
duced the fans. The order of magnitude of calcu- 
lations used in this paper may be accepted without 
reservation on the basis of Raitt’s preliminary 
seismic results. 
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m’ for the latter canyon, calculated by Dill, 
PDietz, and Stewart (1954, p. 191), and gives a 
easure of the uncertainty. The total volume 

f all submarine canyons between Cape Mendo- 

ino and Point Conception is roughly 1.5 x 108 

km’, or about one-thirtieth of the minimum 
4volume of the fans. Therefore the fans contain 
‘sediment eroded from places other than sub- 
| fmarine canyons. 
One such place is the continental shelf off 
icentral California which has outcrops of rock 
'jand may be considered as a predominantly 
}ferosional feature. The volume removed to sea 
Hevel is about 10? km*. Assuming that an 
initially mountainous terrane like the Coast 
Ranges had an average relief of 300 m above 
sea level, roughly 5 X 10% km* would be eroded 
to form the present shelf. 

The volume of material eroded from the 
continental slope and shelf amounts to litle 
‘}more than one-tenth of the minimum amount 
‘|deposited in the deep-sea fans. Consequently 
“;most of the sediment in the fans must have 
been eroded and transported to the continental 
shelf by rivers and mass wasting. The pre- 
‘| dominance of river erosion over sea-cliff erosion 
‘fis again confirmed (Lyell, 1873, p. 572). 
Deep-sea fans head at the mouths of Del- 


bi gada and Monterey submarine canyons, but a 
‘ifew other tributary or adjacent canyons may 


Canyon is a 
Noyo Canyon 


contribute sediment. Spanish 
tributary of Delgada, and 

debouches near the head of Delgada fan. 
Monterey Canyon has several important 
tributaries, and Sur, Partington, and Lucia 
canyons appear to lead out to Monterey fan. 
The canyons between these two groups do not 
have large fans at their mouths although there 
is a sedimentary apton which may have been 
formed by the lateral merging of relatively 
small fans. The only obvious difference between 
the canyons with and without fans is that the 
former cut the continental shelf almost to the 
shore line, and the latter barely notch the edge. 
This relationship confirms the significance of 
similar observations in the continental border- 
land off southern California (Gorsline, 1958). 
The relationship between types of canyons 
and fans appears to be meaningless unless the 
dominant direction of transport of sediment on 
the continental shelf is parallel to the shore 
line so that one type of canyon traps all the 
sediment. Granting this conclusion, the central 
California region is a relatively self-contained 
sedimentary province because liitle sediment 
can pass Mattole canyon at Cape Mendocino, 
although some sediment is lost around Point 
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Conception (Trask, 1955, p. 2). The volume of 
long-shore transport in southern California is 
of the order of 105-10° m*/year (Handin, 1951). 
It is unmeasured in central California but 
probably tends toward 10° m%/year (D. L. 
Inman, personal communication, 1958). 

The material eroded away to form all central 
California submarine canyons is less than 
1.5 < 10% km’. The material deposited in the 
fans is at least 5 X 10* km* or roughly 30 times 
as great. The location of the fans at the mouths 
of Delgada and Monterey canyons indicates 
that most of the sediment has been channeled 
through these canyons alone. Consequently 
the ratio of volumes is even larger. It is evident 
that the dominant role of these canyons is to 
funnel sediment from the continental shelf to 
the deep-sea floor. 

Sediment is deposited in the heads of sub- 
marine canyons because they are traps inter- 
secting long-shore drift (Shepard and Emery, 
1941, p. 93). Similarly the sides of canyons 
intercept sediment moving laterally on the 
shelf. The sediment eventually slumps into the 
canyons. When it emerges on the fan at the 
mouth of the canyon it may be suspended in a 
turbidity current capable of transporting 
sediment for hundreds of miles across very 
gentle slopes and around topographic barriers. 
The transformation from observed slump to 
circumstantially evident turbidity current oc- 
curs somewhere in the canyon. 

One of the important questions regarding 
submarine canyons is whether they were cut 
in Pleistocene time. Data from the relatively 
self-contained sedimentation system of central 
California can be brought to bear on this 
question because Delgada and Monterey 
canyons have existed while sediment was 
channeled through them from the continent to 
the deep-sea fans. The minimum volume of the 
fans, therefore, can be equated to the drainage 
area to determine the denudation necessary for 
a Pleistocene age. 

The recent geological history of central 
California is characterized by intense orogeny 
and erosion, but the present drainage pattern 
may be taken as an approximation of the 
Pleistocene one. Many small, short rivers 
drain the west slope of the Coast Ranges, and 
the greater Sacramento and San Joaquin rivers 
drain the Sierra Nevada and the east slope of 
the Coast Ranges. The total drainage area is 
1.8 < 10° km?. In most of the area, however, 
the coarse products of rapid erosion of steep 
slopes were deposited locally. The end result 
was a shifting of sediment within the con- 
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tinental area rather than a loss to the deep 
sea. Perhaps the western slope of the Coast 
Ranges may be taken as the area from which 
material was transported to deep-sea fans. This 
area is 3 X 104 km?*; the minimum volume of 
the fans requires almost 2 X 10* m of denu- 
dation. Local erosion of mountain ranges 
occurred on this scale during the Pleistocene 
in California (Eaton, 1941, p. 206), but dep- 
osition was widespread, and locally it was 
also very thick. For regional denudation the 
ridges between valleys must be eroded away, 
and all the sediment produced must be trans- 
ported out of the region. The geological record 
of the Coast Ranges does not show any such 
enormous regional denudation in Pleistocene 
time. Consequently it appears that initial 
deposition of Delgada and Monterey fans was 
pre-Pleistocene. 

The rate of construction of the fans in 
pre-Pleistocene time is barely amenable to 
quantitative estimation. The drainage area 
leading to the open ocean is ill-defined; bound- 
aries between land and smaller continental 
arms of the sea fluctuated rapidly; and an 
indefinite fraction of the products of subaerial 
erosion was retained within the drainage area 
in local basin deposits. These various factors 
suggest that the rate of construction of the 
fans was much slower than in the Pleistocene. 
Extrapolation of the present rate of denudation 
(Salisbury, 1913, p. 154; Revelle and Shepard, 
1939, p. 273) as a rough average for both 
Pleistocene and Tertiary yields fan ages of 
4 X 108 to 2 X 107 years depending on the 
assumed area of the drainage basin that was 
denuded. 

The largest measured slump at the head of a 
California submarine canyon had a volume of 
1.5 105 m’ (D. L. Inman, personal communi- 
cation). The slump extended beyond the area 
of the original survey and consequently was 
somewhac larger than the measurements 
indicate. Although accurate surveys are not 
available in most places, it appears improbable 
that many slumps exceed 107 m*. Such a 
slump, perhaps 1 km square and 10 m deep, 
would be unlikely to escape notice off heavily 
populated areas. 

The effective density of a turbidity current 
in Lake Mead graded from 10-* gm/cm at the 
top to 0.2 gm/cm* near the bottom with an 
average of about 0.05 gm/cm*® (Gould, 1951, 
p. 45). In terms of volume, the water—sediment 
ratio was roughly 1/40. Application of this 
ratio to the slumps in California submarine 


H. W. MENARD— 


DEEP-SEA FANS 


canyons suggests that the volume of a turbidity ¢, cut 
current rarely exceeds 4 X 10* m*. Inasmutyoach si 
as the cross section of Monterey deep-se,, opp 
channel is as great as 10® m?, the channel analoge 
easily capable of containing the current pr wide, tl 
vided the slug of turbid water is as long as th is only 
original slump. phan 
When the shore line receded in Pleistocene) ninimt 
time of lowered sea level, Monterey andjndicat 
Delgada canyons became long deep em-.edime 
bayments with steep subaerial and submarine canyon 
slopes. The area of accumulation of sediment, The 
in canyons was much increased. At that timeand Di 
slumps may have been much larger than at (1) 
present. At some time turbidity currents were|jead o: 
capable of filling deep-sea channels to over-Hateral 
flowing, building natural levees, and of spread-| (2) | 
ing as sheet flows to form fans. emerge 
Slumps are common around submarine (3) ’ 
canyon heads (Shepard and Emery, 1941, than a 
p. 93-103). Off La Jolla where surveys are tocene, 
repeated frequently, slumping and filling (4) 
occur constantly (Shepard, 1951, p. 58). Antimes 
average of at least one slump per year is re qownc 
quired if long-shore drift is in short-term (5) 1 
equilibrium with slumping because the drift is wastin 
roughly equal to the largest observed slump. of the 
Granting that unobserved slumps may be as) ]t ay 
large as 10’ m’, one slump in 10 years would for cy 
be the minimum in central California. These peen ¢ 
figures suggest that roughly 10° slumps have tyrpid: 
passed into the heads of Delgada and Monterey wastin 
canyons—presumably resulting in a similar ang F 
number of turbidity currents emerging at the 1952), 
mouths. Lateral transport on the continental the jm 
shelf also introduces sediment into canyons 
and produces slumps, but this contribution 
cannot be evaluated at present. The pre- 
ponderance of silt in fans suggests that the} The 
contribution is large. {graph 
Evidence has been presented suggesting 'p, +00m 
that some central California submarine canyons ond ee 
are primarily conduits for sediment poured didlect 
into their heads by long-shore drift. Are the kindl 
canyons cut by the passage of the sediment? y 
The volume of a submarine canyon removed | v4 or 
by downcutting is small compared with the/, 
whole. The triangular cross section of canyons 
probably results from the same mass wasting 
that produces the same cross section on land. 
These canyons are submerged, however, and 
some of the widening upward may be caused] 
by deposition of unconsolidated sediment on| 
the surrounding shelf (Shepard, 1952, p. 85)./ | 
Lithification would be expected during the Crowe 
time available so that canyons might appear i 
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turbidity ,, cut rocks that were actually deposited on 
‘cool side of them. Pleistocene loess deposits 
deep- ‘lon opposite sides of pre-Pleistocene rivers are 
hannel Wanalogous. If downcutting is taken as 100 m 
rent pro, wide, the volume of Monterey canyon so eroded 
ng as thé;. only 2.8 km*. Even with tributaries and ad- 
he jacent canyons the volume is roughly 5 km*. The 
eistocentminimum volume of Monterey deep-sea fan 
Tey andindicates that at least 5000 times as much 
cep ¢Msediment has flowed along the axis of the 
abmarinecanyon as has been removed by downcutting. 
sediment The tentative conclusions about Monterey 
hat Umeand Delgada canyons are as follows: 
than at (1) Sediment is deposited around and in the 
nts Werelhead of the canyons by long-shore drift and by 
to over-hateral transport on the continental shelf 

f spread- (2) Sediment slumps into the canyons and 
emerges as turbidity currents. 

(3) This process may have occurred more 
y, 1941,than a million times beginning in pre-Pleis- 
veyS al€tocene, and possibly even pre-Pliocene time. 
1 filling (4) The sediment so transported is 5000 

8). AD times greater than the amount removed by 
ar 1S Te downcutting. 
ort-term (5) Millions of years were available for mass 
> drift is wasting to produce the triangular cross section 
1 slump. of the canyons. 
‘YY be as) Tt appears that more time has been available 
's would for cutting these canyons than previously had 
.. Thest heen supposed. Qualitatively, marine slumps, 
ps have turbidity currents, weathering, and mass 
lonterey ‘wasting have been known to be active (Shepard 

similar and Emery, 1941; Woodford, 1951; Crowell, 
Z at the 1952), and the numbers presented here stress 


tinental the importance of these processes. 
canyons 


ribution 
he pre-) 
hat the\ 
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